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ABSTRACT
Fundamentally Based Investigation and Mathematical Modeling of the Delay
Observed in the Early Stages of E-coat Deposition
Fardin Padash
Department of Chemical Engineering, BYU
Doctor of Philosophy
The objective of this work is to enhance the understanding of the delay observed in the
early stages of E-coat deposition. E-coat deposition has been widely used by industries such as the
automotive industry to form the primary protective coating against corrosion. Currently, models
that are used to find the best conditions under which the desired coating coverage for the entire
auto body can be achieved do not accurately predict the coating coverage in recessed areas. The
accuracy of large-scale models can be improved by enhancing our understanding of the
mechanisms responsible for the observed delay. To accomplish this, experiments are performed to
define the processes that control deposition initiation and then a model is developed to describe
those processes. Simulation results are compared with experimental measurements for a range of
conditions to assess the validity of the results.
The delay before the onset of deposition is influenced by the type of substrate and
properties of the E-coat solution. The impact of the substrate type on the onset of deposition was
experimentally investigated. The results of experiments indicated that surface characteristics such
as adhesion of bubbles to the surface and the formation of an initial coating increase the local
current density on the surface. Investigations of the morphology of the initial coating on different
types of substrates indicated that deposition began at areas where the local current density was
higher. Increasing the local current density due to the adhesion of bubbles to the surface resulted
in a 40% reduction in the time required for the onset of deposition on galvanized steel compared
to bare steel.
The processes in the solution adjacent to the surface were also investigated to understand
the mechanisms responsible for the onset of deposition. Convection was used as a tool to determine
the impact of the accumulation of hydroxide ions on the onset of deposition. The results of rotating
disk electrode (RDE) experiments showed that the observed delay before deposition was not due
to the time required for accumulation of hydroxide ions at the surface. The results of additional
experiments showed that the accumulation of micelles was critical to the deposit initiation. The
impact of micelle accumulation on the deposit initiation was further explored by developing a
mathematical model of the physical processes in the solution adjacent to the surface. The model
was evaluated at different conditions and was found to agree with experimental results at different
current densities and bulk micelle concentrations. The model and the experimental results from
this study help to explain the observed delay in the early stages of E-coat deposition and provide
a basis for improving large-scale simulation of E-coat deposition.

Keywords: electrodeposition of coatings, electrocoating, e-coat, induction time, substrate effects,
critical pH, micelle accumulation, e-coat modeling
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1

INTRODUCTION

Industries such as the automotive industry widely use E-coat deposition to form the primary
protective coating against corrosion because it is cost effective and provides improved coverage
over alternative methods [1–5]. Despite improvements, there are still several issues with E-coat
deposition in large-scale systems that need to be addressed. For instance, deposit formation in
recessed areas of an autobody, like inside of the rocker panel, is delayed [6–8]. This delay may
result in incomplete or inadequate coating layer in recessed areas or, conversely, excessive coating
of exterior areas while providing sufficient coverage to recessed areas. The work reported here
focuses on enhancing our understanding of the early stages of E-coat deposition in recessed areas
to help to improve the overall quality of the autobody E-coat.
During electrocoating, the complex geometry of the autobody surface results in a potential
drop between the anode and the surface that varies significantly with position and contributes to a
non-uniform current distribution. In particular, the increased ohmic drop associated with recessed
areas leads to lower current densities in those areas [3]. The current density in these recessed areas
can be increased by increasing the applied voltage; however, such an increase may also result in
unnecessary overcoating or rupture of the coating on the exterior of the autobody, where the
associated ohmic drop in solution is lower and the current density is initially much higher. Since
the delay before deposit formation decreases with increasing current density [9], the transient
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behavior before deposit formation is controlled by processes that depend on current density, as
well as on the properties of the bath.
Simulation of the E-coat process can be used during the design phase to identify the
conditions under which adequate coating coverage in recessed areas of large-scale systems is likely
to occur. Present large-scale simulation approaches [3,4,6,8,10–12] are not able to accurately
predict coating coverage for difficult-to-access areas where the current density is low. The
accuracy of large-scale models can be improved by enhancing our understanding of the
mechanisms responsible for the observed delay. To accomplish this, experiments are performed to
define the processes that control deposition initiation and then a model is developed to describe
those processes. Simulation results are compared with experimental measurements for a range of
conditions to assess the validity of the results.
This study focuses on common cathodic epoxy-amine resins. The epoxy-amine resins form
positively charged micelles and become dispersible in water after being partially or completely
protonated by an acid:
(1-1)

−𝑅2 𝑁 + 𝐻𝐴 ↔ −𝑅2 𝑁𝐻 + + 𝐴−

where −𝑅2 𝑁𝐻 + and −𝑅2 𝑁 are protonated and unprotonated epoxy-amine groups, respectively.
When a structure such as a body in white (an auto body’s frame before painting) is submerged as
a cathode in the E-coat dispersion and a voltage is applied between the anode and cathode,
hydrogen is evolved, and hydroxide ion is generated at the cathode surface according to the
following reaction:
1

(1-2)

𝐻2 𝑂 + 𝑒̅ ↔ 𝑂𝐻 − + 𝐻2
2

2

which increases the pH at the surface. The micelles migrate toward the cathode under the electrical
field, react with hydroxide ions, and become deprotonated near the surface:
(1-3)

−𝑅2 𝑁𝐻 + + 𝑂𝐻 − ↔ −𝑅2 𝑁 + 𝐻2 𝑂

Consequently, micelles deposit at the cathode during electrocoating. The time-dependent
processes that take place at the cathode and lead to deposition must be understood to provide a
foundation for accurate prediction of the onset of deposition.
The transient behavior in the early stages of the E-coat deposition has been attributed to
the time required for the hydroxide concentration at the surface to increase to a critical coagulation
value [1,13–15]. When this value is reached, the micelles deprotonate and deposit on the surface.
The time required to reach a certain surface hydroxide ion concentration is estimated with use of
Fick’s second law [9,16–19], which is an enormous simplification of the actual physics near the
surface. The result is a delay, referred to as an induction time, that is inversely proportional to the
square of the current density (surface flux), as expected for diffusion-dominated processes, where
the critical surface concentration is chosen to match the experimental results. Since the same
dependence on the current density squared has been observed experimentally, it is believed that
the induction time is controlled by increase of pH due to the generation and diffusion of hydroxide
ions. The resulting critical pH is typically about 12 [9,18–20], although arguments for a lower
value have been made [21,22].
Suzuki et. al [21,22] proposed that the practical pH for film deposition was much lower
than a pH of 12. The authors observed that a drop of electrocoat dispersion agglomerated when it
was added to a buffer solution that had a pH of 7.5. Since they also observed some deposition
before the estimated pH reached 12, they concluded that exceeding a pH of 7.5 initiates deposition.
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However, the micelle coagulation in a pH of 7.5 could be explained by other physical processes.
The micelle coagulation in the buffer solution could be attributed to the suppression of the double
layer. In this case, the coagulation is caused by the presence of additional ions rather than reaction
with the electrochemically generated hydroxide ions.
Vatistas [23,24] discussed the local pH increase due to the hydroxide ion generation and
diffusion. He also studied other simultaneous processes such as the micelle migration. The author
qualitatively explained that the micelle discharge occurs because the local pH increases in a
partially compact layer at the surface. The compact layer was assumed to be formed by the
migration of micelles. However, no direct experimental evidence was presented for the micelle
discharge and the formation of the compact layer. According to Vatistas, a high potential drop
develops in this layer with time. Similar to others, he attributed the induction time to the time
required for the pH to reach a critical value according to Fick’s second law. He also examined
processes after the induction time, which are beyond the scope of this study.

1.1

Scope of the Project
The purpose of this research is to develop a fundamentally based model, combined
with experiments, to enhance our understanding of the electrocoating process and our ability
to predict the electrocoating behavior of large-scale systems. Of particular interest were the
processes that occur during the induction period before a steep change in the voltage at
constant current is observed. The changes at the substrate surface and processes near the
surface during the induction period and their effects on the induction time are investigated
here. This work will help us to explain the early stages of deposition and will provide insights
for improving simulation of E-coat deposition in large-scale systems.
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2

2.1

BACKGROUND

Electrocoating Systems
Electrodeposition of coatings or electrocoating is used to protect metal substrates from

corrosion. Electrocoating is favored over other coating methods because it consumes less coating
material and can uniformly coat irregularly shaped pieces. Electrocoating has been a widespread
coating technique in the industry for more than 50 years. An electrocoating system is an
electrochemical cell with an anode and cathode. In cathodic and anodic electrocoating, the coating
forms on the cathode and the anode, respectively (see Figure 2-1). Both cathodic and anodic
electrocoating have a long history of use; however, cathodic coating is currently more common.

Figure 2-1. Anodic and cathodic electrodeposition.
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2.1.1 Anodic Electrocoating
Anodic electrocoating was first developed in the early 1960s. The local pH decreases near
surface of the anode due to the oxidation reaction, causing the negatively charged particles to
deposit on the anode:
(2-1)

2H2 O → 2e + 2H+ + O2

Substrate corrosion during deposition is the main disadvantage of anodic systems. Anodic
coatings have, in general, poorer corrosion resistance and inferior adhesion of coating to the
substrate than cathodic coatings. The anodic coating throwing power, which is the ability to form
uniform coatings on complicated shaped metals, is also inferior to that of cathodic
electrodeposition [5,25].

2.1.2 Cathodic Electrocoating
Cathodic systems were developed in the early 1970s (see Figure 2-1). As already
mentioned, cathodic electrocoating provides better corrosion protection performance than anodic
electrocoating. However, cathodic systems are more expensive and require a more complex
chemistry than the anodic systems. Since the E-coat pH is acidic, initially hydrogen is evolved at
the cathode surface:
1

(2-2)

𝐻 + + 𝑒̅ ↔ 2 𝐻2
After consumption of the hydrogen ions, hydroxide ions are generated as follows:
1

(2-3)

𝐻2 𝑂 + 𝑒̅ ↔ 𝑂𝐻 − + 𝐻2
2
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Consequently, the hydroxide ions accumulate near the cathode surface. On the other hand,
the micelles migrate toward the surface and react with hydroxide ions and deposit at the surface.
The bath composition has a significant effect on the performance of cathodic electrocoating
systems. The chemistry and characteristics of the cathodic coating will be discussed in detail in
next section.

2.2

Coating Composition
Bisphenol A (BPA) epoxy resins are the most common resins used for cathodic

electrodeposition systems. BPA reacts with epichlorohydrin in the presence of NaOH to form an
epoxy resin (see Figure 2-2). As shown in the figure, each epoxy resin molecule has an epoxide
group at each end of the molecule. The epoxy resin chain length or the resin molecular weight is
controlled by changing the ratio of BPA to epichlorohydrin [26].

Figure 2-2. BPA epoxy resin.

To use the epoxy resins as an electrocoat, the resins need to be modified by reacting with
amines. For example, Epon 1004F, a commercial epoxy resin, reacts with an amine
(diethanolamine) and forms the following product [27].
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Figure 2-3. Modification of Epon 1004 with diethanolamine for use in E-coat deposition, n =
4.5-5.
The modified resin, epoxy-amine, can be protonated with an acid, such as acetic acid, to
form a tertiary amine acid-salt resin (see Figure 2-4). The obtained salt can be dispersed in water
to form a cationic resin dispersion.

Figure 2-4. Acid acetic reacts with the epoxy amine resin and makes it dispersible.

An example of an electrocoat or E-coat dispersion composition to prepare 217 grams of
tertiary amine acid-salt resin is given in Table 2-1. To make a 10 wt % electrocoat dispersion, 10
g of the resin is mixed with 5 g of butyl cellosolve at 70-80 oC. Then, 85 g of deionized water is
added to the mixture. Also, pigments can be added to the electrocoat dispersion as a base color and
to improve corrosion resistance [26,28].

Table 2-1. An example of an electrocoat composition [27].
Components
Epon 1004
Diethanol amine
Acetic acid

Amount
189 g (0.105 M)
15.36 g (0.21 M)
12.6 g (0.21 M)
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2.3

Key Parameters
There are several parameters that determine the coating film properties such as film

thickness, corrosion resistance and the bath throwing power. The best film properties at a high rate
of deposition can be achieved by optimizing important parameters associated with the bath, metal
substrates and the control process. These parameters will be discussed in this section.

2.3.1 Deposition Time
The deposited film thickness increases with the deposition time (see Figure 2-5); however,
as the film thickness increases, the electrical resistance in the film decreases the deposition rate.
Usually, the film is deposited to an adequate thickness in approximately 3 minutes. Generally,
deposition past this time causes the film to rupture and become more porous.

Figure 2-5. Thickness versus time for constant voltage electrodeposition at 100 V and 200 V;
10% solid dispersion; pH = 5.5 [18]. Used with permission.
2.3.2 Voltage
Increasing the applied voltage results in a higher film thickness (see Figure 2-5) and a
shorter induction time. Also, the hydrogen generation rate increases with the applied voltage. If
9

the applied voltage is too high, hydrogen entrapment occurs in the film, causing a porous film with
low electrical resistivity. Large bubbles of entrapped hydrogen may rupture the film [19,29].

2.3.3 Solid Content
The deposition weight increases with the solid content of the bath [30]. However, there are
several issues that limit the solids content. After the deposition, the substrate is rinsed to remove
the undeposited solids. At production scale, the amount of solid loss during the rinsing step is
substantial. If the solids content is low, the solids loss is reduced, and the rinsing process is
facilitated. Also, the cost of the bath is significantly lower when the solids content is reduced to
about 10-20% [31].

2.3.4 Degree of Neutralization
The degree of neutralization (DN) is one of the important parameters related to the bath
chemistry. As per Eq. (1-1), the epoxy/amine resin reacts with an acid. The DN is the ratio of the
acid to the amine groups [32]. The DN has a direct effect on pH, viscosity, conductivity, and solid
size in the dispersion [28]. The DN effect on each of these parameters will be discussed in separate
sections below.

2.3.5 pH
The pH of the dispersion depends on the degree of neutralization [32]. Increasing the
degree of neutralization decreases the pH of the dispersion. Also, the types of acid and amine are
important. A dispersion containing a stronger acid has a lower pH than a dispersion containing a
weak acid when the DN is the same. As shown in Figure 2-6, the deposition yield and the induction
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time depend on the pH of the dispersion, which was established by the amount of acid in the
dispersion or the degree of neutralization [28,30].

Figure 2-6. Effect of pH on the amount of deposited coating per area (Deposition Yield) at 25 oC:
Epon 1004 (Black shapes) and a modified resin (White shapes); Voltage=225V; time =3min;
(circles) solid content = 20 wt %; (rectangles) solid content = 15 wt %; (squares) solid content =
10 wt % [30]. Used with permission.
2.3.6 Conductivity of the Bath
Ohmic drop is the potential drop in the dispersion between the anode and the cathode,
which depends on the bath conductivity. Increasing the conductivity of the bath results in a more
uniform current density and increases throwing power of the bath. Increasing the DN is one way
to increase the bath conductivity [28]. On the other hand, increasing the DN decreases the
deposition rate and the throwing power. As seen in Figure 2-7, the higher conductivity does not
result the highest throwing power [28].
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Figure 2-7. Throwing power and conductivity as a function of the DN [28]. Used with
permission.
2.3.7 Conductivity of the Deposited Film
Coating the difficult to access areas by shifting the current from the coated areas to the
uncoated areas is one of the important advantages of electrocoating. The deposition rate depends
on the film conductivity. The film formation stops when the electrical resistance of the film is
enough to shift the current to the other areas. The film conductivity is a function of solvent content,
bath temperature, current density, and the resin glass transition temperature [22,33]. The film
conductivity changes with time during deposition. The amount of current that passes through the
film can affect both the film temperature and the film porosity.

2.3.8 Particle Size
The micelles are particles that contain charged and uncharged resins. The average particle
size can vary from less than 100 nm to 300nm. Decreasing the degree of neutralization increases
the particle size in the dispersion [28]. The transport properties of particles, which are critical for
model development, depend on the particle size. The particle size also increases with the resin
molecular weight [34].
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2.3.9 Solvent Content
The conductivity of the film increases with the solvent content because increasing the
solvent content promotes the coalescence of particles on the surface. Increasing the coalescence of
particles leads to the formation of a continuous and conductive layer (see Figure 2-8).

Figure 2-8. Scheme of influence of solvents on deposited particles [33]. Used with permission.

Therefore, addition of solvent to the electrocoating dispersion increases the conductivity
of film that results in an increase of the deposition weight in constant voltage electrocoating [33].

2.3.10 Viscosity
Transfer of the species in the dispersion depends on the dispersion viscosity. Viscosity of
the dispersion is important if the deposition rate is transport limited. Increasing the DN decreases
the particle size of resin particles (micelles) and increases the viscosity of the dispersion. Small
particle size resins have a larger interfacial area that leads to an increase in the viscosity of the
dispersion [28]. The dispersion viscosity also depends on the dispersion solid content [20].
Also, the coating viscosity on the surface is important for the formation of a uniform film
on the substrate. If the coating viscosity is too high, the deposited coating remains porous after the
13

thermal curing and will likely result in a porous film. On the other hand, if the coating viscosity is
very low, the film will be too soft and the probability of rupturing during deposition increases [31].

2.3.11 Temperature
Electrodeposition at high temperatures can cause defects such as burrs and waves. Craters
may also be produced on the film and result in a decrease of the deposition voltage.

Figure 2-9. Effects of bath temperature on the deposition yield at 225 V for 3 min: (white circles)
solid content = 20 wt %; (black circles) a modified resin; Epon 1004 [30]. Used with permission.

The bath and the film conductivity increases and the film viscosity decreases with
temperature [31]. The equilibrium constants of the deprotonation reaction and the acid dissociation
reaction depend on the temperature. The glass transition temperature of the resin is a parameter
that determines the bath operating temperature. The film conductivity increases significantly at
temperatures above the resin glass transition temperature [22]. As shown in Figure 2-9, the
deposition for two different resins takes place at a constant voltage. Increasing the temperature
increases the conductivity of the film and results in a higher deposition weight [30]. The operating
bath temperature of electrocoating systems is about 32 oC [35].
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2.4

Present Models
A few models have been proposed for the electrodeposition process in the literature. This

section reviews different approaches used to model electrodeposition systems based on
fundamental descriptions or processes that are of value to our work. These fundamental
descriptions and processes can be used in our model development process.
Miskovic-Stankovic et al. [18,36] described the electrodeposition as a three-step process
(see Figure 2-10). In the first step, water electrolysis takes place and the local pH near the surface
increases, so the current density does not change. In the second step, the initial porous film deposits
and the current density decreases rapidly. Finally, the electrodeposition takes place through the
pores of the existing film and the voltage decreases slowly in the third step. Deposition in the pores
is crucial to improve the throwing power because it increases the film resistivity by decreasing the
porosity of the film and causes the current to shift to the uncoated areas.

Figure 2-10. Current density-time curve for electrodeposition of epoxy coating on steel at lower
voltages [18]. Used with permission.
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Miskovic-Stankovic et al. assumed that both water electrolysis and film formation
reactions are pseudo-first order reactions:
𝐴→𝐵

𝑘1

(2-4)

𝑘2

(2-5)

𝐵 → 𝑓𝑖lm

where A is water, B is hydroxide ions, and k1 and k2 are reaction rate constants. The rate constants
and the film thickness depend on applied voltage, the bath temperature, and the resin concentration
in the bath. The parameters in their model were not connected to the bath chemistry and were
obtained by fitting the model to the experimental data. Therefore, they needed to calibrate their
model for different bath conditions. The model seems to fit the experimental results very well.
However, the model was used to predict the film thickness at high voltages where the induction
time was very small and could be neglected.
Boyd and Zwack [35] developed a simple data-based model of the electrodeposition
process to estimate the process parameters and the coating usage. They simplified the work piece
by dividing it into three different types of surfaces: (1) exterior surfaces (40% of the area), (2)
interior surfaces like the inside of the doors (45%), and (3) box areas like the structural posts that
support the roof (15%). Exterior areas were the easiest areas to deposit, and box areas were the
most difficult. Each type of surface was assumed to undergo deposition for a certain fraction of
the total time of 2-3 min (t) and over a voltage range of 200-350V. Exterior type surfaces
underwent deposition for (t) seconds. Interior type, and box type surfaces underwent deposition
for 30 and 60 seconds less than the deposition time for exterior surfaces, respectively. The
deposition time for the exterior type surfaces is the highest and for the box type surfaces is the
lowest. This is because the deposition starts on the exterior type surfaces then moves to interior
and then eventually box type surfaces. The voltage drop for different surface types was measured
16

for two separate experiments with in situ sensors as shown in Figure 2-11. The deposition time
and applied voltage are the only variables in this model. These data were measured via controlled
laboratory experiments at the desired temperature. The authors were able to estimate the exterior
voltage needed to provide a specified interior film thickness. They were also able to approximate
the relative material usage for different electrocoat chemistries.

Figure 2-11. Field voltage vs. time for exterior, interior, and box areas [35]. Used with
permission.

This empirical model has some important implications for electrodeposition model
development. The box type surfaces that are important in the industry are included in the model.
It provides a good a correlation between the voltage and the film thickness that is useful in
simulation tools. Although this model describes electrocoating in large-scale systems, it is not
connected to the bath composition and chemistry and, therefore, requires calibration.
Rastegar et al. [37] developed a simple model to describe the film growth rate during
constant voltage electrodeposition of a coating. Their model was based on parameters including
MEQ (mg KOH/100g solids- a specific characteristic of the resin), particle stickiness, and film
17

resistivity. The MEQ is related to the amount of charge in a resin, particle stickiness is a function
of solvent content, and the film resistivity is the resistivity of the final film. Their model could
predict overall current density variation with time in high constant voltage experiments. Since the
model was calibrated to predict the current density at high voltages, the model cannot be used to
predict the induction time and the deposition rate in low current densities.
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3

INVESTIGATION OF THE SURFACE EFFECT ON THE FORMATION OF
THE INITIAL COATING

The purpose of this chapter is to develop a detailed understanding of the initial stages of
coating electrodeposition. Of particular interest are the changes that take place during the induction
period before a steep change in the voltage at constant current is observed. Experiments designed
to elucidate the role of concentration buildup clearly showed that a local change in concentration
is not solely responsible for the observed induction period. This conclusion is further supported by
experiments where the induction time at a specified current is observed to vary with the type of
substrate used for deposition. Consequently, scanning electron microscopy is used to study the
morphology of the initial deposit on different substrate surfaces including bare steel, galvanized
steel, and phosphated steel. It is found that the initial film formed preferentially at specific
locations on the metal surfaces, such as on defects or scratches, where the local current density is
likely to be higher. The initial film also appears to form around gas bubbles that were present on
the substrate surface. Preferential film deposition at areas of high local current density is observed
directly in experiments with intentionally scratched surfaces. The additional insight provided by
this study will help to improve our ability to model accurately the early stages of E-coat deposition
and, eventually, the accuracy of large-scale simulations for process performance prediction and
optimization.
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3.1

Experiments

3.1.1 Materials
The model E-coat dispersion used in this study was provided by PPG Industries, Inc. The
“as received” E-coat dispersion, which did not contain pigment or additives, was diluted with
deionized water (resistivity of 18.2 megaohm-cm) to a solid content of 15 percent. As provided,
the dispersion had a degree of neutralization of 47%. The pH and conductivity of the dispersion
after dilution were 5.4 and 1600 µS/cm, respectively. The metal substrates used in the study were
bare steel (A366), galvanized steel (A527/A653) and phosphated steel (Chemfos 710 Chemseal
18). Acetone and ethanol were used for cleaning the deposition substrates.

3.1.2 Apparatus and Equipment
An electrodeposition cell was designed to provide a uniform current density to the front
and the back of the cathode (see Figure 3-1). Each electrode was 5 cm by 6 cm, and the distance
between the central cathode and each anode was 6.5 cm. The dispersion temperature was controlled
at 32oC by putting the cell in a constant temperature water bath (VWR model 1228). A Keithley
Power supply (Model 2260B-800-1) was used to control and measure the current and voltage,
respectively. Images of the coating morphology were taken by scanning electron microscopy
(SEM, Helios Nanolab 600 FEI). A waterproof digital inspection camera (Depstech IP67) was
used to take in situ images of hydrogen bubbles on the metal substrates.
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Figure 3-1. Electrodeposition cell including 2 anodes and one cathode.

3.1.3 Procedures
All substrates were gently scrubbed with a soft sponge and detergent to remove grease and
dust. Then, they were rinsed with water, acetone, ethanol, and deionized water, respectively.
Galvanized steel sheets were used as anodes in all experiments because galvanized steel had a
greater resistance to corrosion than the other substrates and could be used for multiple experiments
over a longer period of time without replacement. Bare steel, galvanized steel and phosphated steel
were used as cathodes and were replaced after each experiment. Electrodeposition experiments
were carried out both at constant current density and at a constant voltage ramp for a variety of
times up to and slightly beyond the induction time. After deposition, the substrates were rinsed
with deionized water thoroughly to remove excess solution and any material on the surface that
was not part of the coating that had been deposited and allowed to dry at room temperature (about
23oC) overnight. Coatings deposited on each substrate at each specific time were imaged by SEM.
Experiments at each condition were repeated at least three times and average results are reported.
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3.2

Results and Discussion

3.2.1 Interruption during Induction Period
The induction time in constant current experiments is the time at which an abrupt change
in the voltage vs. time curve is observed (see Figure 3-2). To measure the induction time, voltage
data were collected every 0.1 s. Then, the derivative of the voltage with time was estimated with
a simple backward Euler approximation. The behavior of the derivative was examined over a one
second period in order to identify the induction time. The induction time was defined as the time
at the beginning of the 1 s period over which the rate of change of the voltage increased by an
order of magnitude. Generally, the current density used in coating electrodeposition is about 1
mA/cm2. The average induction time at a constant current density of 1 mA/cm 2 for galvanized
steel was 15.4 s with a standard deviation of 0.8 s.

Figure 3-2. Voltage plot for electrodeposition of coatings on galvanized steel at constant current
density of 1 mA/cm2.
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Interruption experiments were performed to investigate the factors that control the length
of the induction time, including the effect of hydroxide concentration buildup near the surface of
the cathode. Interruption of the current during the induction period allows the concentration
profiles near the cathode surface to relax, essentially reversing the concentration buildup that has
taken place up to that point. If the interruption or relaxation period is sufficiently long and if the
induction time is due primarily to concentration buildup near the cathode surface as has been stated
in the literature [9,16,21,25,38], the system should reset upon reapplication of the current without
residual effects from the initial application period.

Figure 3-3. Current was interrupted at the middle of the induction time (at 8 s) for 30 s.

The interruption experiments were performed at a constant current density of 1 mA/cm 2 on
galvanized steel. A set of experiments is defined by the initial deposition time, t 1, prior to
interruption of the current (see Figure 3-3), and the length of and conditions present during the
relaxation period. The additional time required for the sharp rise following the relaxation period,
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defined as t2, was measured for each of the experimental conditions considered. In one set of
experiments, the current was applied for 8 s (t1), which was about half of the induction time of
15.4 s observed for this substrate. After t1, the current was interrupted, and the system was allowed
to relax for 30 s. Following the relaxation period, the same current was reapplied to the substrate.
As shown in Figure 3-3, the voltage increased gradually before the interruption and then dropped
to zero at t1 when the current was interrupted. Following the relaxation period, the voltage did not
return to its initial value (at t = 0) but continued from a value that was close to that observed when
the current was interrupted. This indicates that there were changes on the substrate surface or in
the E-coat dispersion near the surface that did not diminish during the relaxation period. The
experiment continued after reapplication of the current for an additional period of time, t 2, until a
sharp rise in voltage was observed. The changes that take place on the surface are explored in
Section 3.2.
An assessment of the impact of the relaxation period on the induction time can be made by
comparing the induction time without interruption to an equivalent induction time obtained by
adding the times before and after the relaxation period (t 1+t2). As shown in Figure 3-4, the
relaxation period is removed from the plot and the voltages before and after the interruption are
connected. Surprisingly, the 30 s interruption had a relatively small impact on the induction time
as evident from the figure. In addition, a slight change in the shape of the curve was observed just
after reapplication of the current.
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Figure 3-4. The combined time (t1 + t2) for a 30s relaxation period is compared to the normal
induction time.

If the process that dominates the induction period is the transient increase of the pH at the
cathode surface, the relaxation period should have relaxed the concentration gradient, at least to
some extent, and should have had a greater impact on the induction time. In fact, as mentioned
above, the induction time would effectively reset or restart if it were controlled by the pH at the
cathode surface and if the relaxation period were sufficiently long to fully relax any concentration
gradients. Therefore, comparison of t2, the time after the relaxation period required for induction,
with the normal induction time (without interruption) provides a measure of the effect of
concentration relaxation on the induction time. As shown in Figure 3-5, t2 was much shorter than
the normal induction time without interruption. The short induction time indicates that the
relaxation of concentration gradients during the interruption/relaxation period did not play a
dominant role in these experiments.
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Figure 3-5. Comparison of t2 to the normal induction time.

To further explore the impact of current interruption and the relaxation of concentration
gradients, experiments with longer relaxation times were also performed, both with and without
mechanical stirring during the relaxation period. The results are summarized in Figure 3-6 below.
As shown in the figure, t2 increased with increasing relaxation time both with and without stirring.
t2 increased when the E-coat dispersion was stirred during the relaxation time but changed only
slightly when the relaxation time with stirring was increased by a factor of 10 from 30 s to 300 s.
This behavior is not consistent with an induction process that is controlled completely by a local
change in concentration since vigorous stirring (1200 RPM) for even 30 s should have been
sufficient to relax concentration gradients. There were, however, changes that occurred due to
relaxation, and the magnitude of those changes increased with increased relaxation time. There
were also changes to the surface that did not seem affected by interruption of the current and the
length of the relaxation time. In all cases, t 2 was shorter than the normal induction time of
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approximately 15 s. From these results it is apparent that there are changes that do not diminish
with time and that the induction time is not controlled by concentration buildup alone.

Figure 3-6. t2 with and without stirring as a function of the relaxation period compared to t 2R.

As an extreme measure to remove all the temporary changes on the substrate and in the Ecoat dispersion, the substrate was taken out of the dispersion after 8 s and rinsed thoroughly with
DI water. Then, the rinsed substrate was put back into the E-coat dispersion and the current was
reapplied. As shown in Figure 3-6, the induction time after rinsing the substrate (t 2R) was
comparable to the longest values seen in the relaxation experiments with stirring and further
emphasizes the presence of “irreversible” changes to the surface made during t 1, the initial 8 s
period, that do not diminish after interruption and rinsing. The effect of t 1 on the irreversible
changes was further investigated. As shown in Figure 3-7, the impact of the irreversible changes
on t2R became greater and t2R became shorter as t1 was increased. In the next section, changes that
likely contributed to the shorter induction time observed after the interruption will be discussed.
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Figure 3-7. t2R, the induction time after rinsing, as a function of t 1, the initial time.

3.2.2 Substrate Influence
In this section, the nature of the changes on the substrate surface during the induction time
and the effect of substrate type on the changes will be described. As mentioned above, cathodic Ecoat deposition was performed on three different metal substrates including bare steel, galvanized
steel and phosphated steel.
Figure 3-8 shows the voltage vs. time behavior for the three metal substrates at a constant
current density of 1 mA/cm2. As evident from the figure, different behavior was observed for each
of the metal substrates, and each exhibited a different induction time. If induction time were a
function of concentration buildup alone, then the induction time would have been the same for
each substrate since all the experiments were performed at the same current density. In this section,
we examine differences between the substrates to help us understand the factors that influence the
early stages of E-coat deposition.

28

Figure 3-8. Different induction times for galvanized steel, phosphated steel and bare steel at
constant current density of 1 mA/cm2.

Figure 3-9 shows the induction time for each of the metal substrates examined in this study
at a current density of 1 mA/cm2. Among the examined metal substrates, bare steel had the longest
induction time and phosphated steel the shortest. The initial voltage for bare steel was lower than
that observed for galvanized or phosphated steel at the same current density. Clearly, the substrate
material has a significant impact on the current-voltage behavior of the cathode. Also, the voltage
observed for the phosphated steel increased steadily with time during the induction period; in
contrast, the measured voltage for the other two substrates was relatively flat. To understand the
differences observed for the different substrate materials, we begin by examining the samples prior
to E-coat deposition.
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Figure 3-9. Different induction times for metal substrates at current density of 1.0 mA/cm 2.

Figure 3-10. SEM images of blank substrates before coating; (a) galvanized steel, (b) bare steel,
and (c) phosphated steel; 1 and 2 are for different magnifications.

The different surface morphologies of the substrates are evident from the SEM images
shown in Figure 3-10. All surfaces had nonuniformities, which were important as described later.
The surface of the phosphated steel is distinct from that of the other two substrates due to the
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structure of the phosphate layer. As the phosphate is non-conductive, charging of the surface was
observed during imaging. Therefore, to improve the quality of SEM images of phosphated steel
substrates, charging was mitigated by sputtering gold to a thickness of approximately 18nm. All
phosphated steel substrates in this paper were gold sputtered prior to imaging.
The following sections examine deposition on each of the substrates at different times prior
to the pronounced voltage increase that defines the induction time.
3.2.2.1 Galvanized Steel
Figure 3-11 provides SEM images of galvanized steel substrates at different times during
the E-coat process. Evident in these images is the presence of coating on the surface, the amount
of which increases with time. The presence of a partial coating on the surface is consistent with
the behavior observed in the interruption experiments since such a coating is not expected to be
removed from the surface during the relaxation period following interruption of the current. A
“slight” increase in the voltage with time was observed and served to keep the current constant,
despite the reduced area for deposition, by increasing the local current density on the substrate
surface.

Figure 3-11. Initial coatings deposited on galvanized steel at 8 s (a), 11s (b) and 14 s (c) during
the induction period at a constant overall current density of 1 mA/cm 2.
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The morphology of the initial coating on galvanized steel was interesting and unexpected.
The initial coating first appeared as rings on the galvanized steel surface as shown in Figure
3-11(a). The circular shapes persisted as additional deposition on the surface took place (see
Figure 3-11(b) and (c)). Although difficult to see in these images, deposition also took place
preferentially at scratches on the substrate surface. As no circular features were observed on the
surface of the galvanized steel prior to deposition, the cause of the deposit morphology must be
associated with a change that takes place during the deposition process. The most likely
explanation is that bubbles adhere to the galvanized steel surface and prevent deposition under the
bubble. Apparently, the presence of the bubble also led to preferred deposition around the bubble
as shown in Figure 3-12. The deposit grew outward from the ring structures during the induction
period to form connected areas and, eventually, a film that covered the surface. Interestingly, the
round structures associated with the bubbles persisted throughout the induction period as shown
in Figure 3-11. A rise in the voltage was observed when the substrate surface was covered with
the film, marking the induction time. Bubbles on galvanized steel and the morphology of the initial
coating on different substrates will be discussed further in Section 3.4.

Figure 3-12. Ring morphology of coating deposited during the induction period.
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The impact of the current density on the induction time was also examined for galvanized
steel. A change in the current density used for deposition from 1 mA/cm2 to 0.65 mA/cm2 led to
an increase in the induction time to 26.5 s with standard deviation of 1.1 s as shown in Figure 3-13.
However, the deposit morphology (Figure 3-14) was similar to that observed at the higher current
density, although shifted in time.

Figure 3-13. Comparison of the induction time for different values of the applied current density.

Figure 3-14. SEM images of deposition on galvanized steel at 15s (a) and 21s (b) during the
induction period at a constant current density of 0.65 mA/cm 2.
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The above experiments use a constant current density with a geometry that provides a
uniform primary current distribution.

These conditions help to simplify interpretation of

experimental results. However, use of a voltage ramp rather than a constant current density more
closely represents the conditions observed at a given location in an industrial system.
Consequently, experiments were also performed by increasing the applied voltage linearly to
determine the impact of such a ramp on the system behavior. As shown in Figure 3-15, the current
density increased in response to the increasing voltage, reached a maximum value, and then
dropped. The voltage ramp rate of 0.33 V/s generated a current density range that is comparable
to constant current experiments. The induction time for voltage ramp experiments was taken as the
time at which the current density began to drop. The induction time at the voltage ramp rate of
0.33 V/s was 23.4 s with standard deviation of 0.2 s.

Figure 3-15. Behavior of the current density as a function of time for electrodeposition at a
constant voltage ramp rate of 0.33V/s.
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Figure 3-16 provides SEM images of deposits formed during the induction period. It is
evident from these images that the same circle-shaped coating morphology observed previously
for constant current experiments was also observed for voltage ramp experiments.

Figure 3-16. SEM images of deposits formed at 18 s (a) and 21 s (b) in voltage ramp
experiments.

3.2.2.2 Bare steel
Initial film formation on bare steel substrates during the induction period was also
examined. As shown in Figure 3-17(a) and (b), the circle-shaped coating structures observed on
galvanized steel were not present on bare steel. Instead, the deposits show up in the images as
darker layers that appear to follow the pattern on the steel substrate. Although the morphology was
different, the results provide clear evidence for film formation prior to the induction time, similar
to what was observed for galvanized substrates. Importantly, initial film formation was favored at
specific sites on the surface, and the deposit appeared to grow outward from those sites.
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Figure 3-17. SEM images of initial coating deposition on bare steel at 15s (a) and 20s (b) during
the induction period at a constant current density of 1 mA/cm 2.

3.2.2.3 Phosphated steel
Since the zinc phosphate is non-conductive, hydrogen evolution takes place on the steel
surface, which is accessed through microscopic imperfections and the space between phosphate
crystals [21]. Initial coating formation on phosphate layers is shown in Figure 3-18, where the
darker areas are the film. Film formation took place at preferred sites that were distributed over
the entire surface. These preferred locations for film formation are believed to be associated with
locally high current densities. The voltage observed for the phosphate substrate was higher than
that observed for the other two types of substrates. We attribute this to the insulating nature of the
surface layer and the increased resistance that it presents for the flow of current.
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Figure 3-18. SEM images of initial coating deposition on phosphated steel at 5s (a) and 10s (b)
during the induction period at constant current density of 1 mA/cm 2; 1 and 2 are for different
magnifications.

3.2.3 Localized Deposition
The results above show that, for the substrates considered, deposition of a non-uniform
coating occurred during the induction period. For galvanized steel, deposition initiated in ring
shapes believed to be associated with bubbles that had adhered to the surface and at scratches on
the surface. Results for galvanized steel at different average current densities also demonstrate, as
has also been shown by others, that deposition is facilitated by higher current densities. From this
it follows logically that initial deposition is likely to be associated with local areas that have a
higher current density.
Experiments were designed to examine the influence of the local current density on deposit
formation. Specifically, intentional flaws in the form of scratches were made on the surface of the
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substrates. Scratches were made in both the vertical and horizontal directions on both bare steel
and galvanized steel. Based on the current distribution, the edges of a scratch on bare steel should
have had a higher local current density than the inside or recessed portion. The situation was much
different for the galvanized substrate where formation of the scratch removed the zinc coating and
exposed the underlying steel as confirmed by EDAX (Figure 3-19). The kinetics of hydrogen
evolution on steel are known to be much faster than those on zinc [39]. Hence, since both the zinc
and the exposed steel were at the same potential, the current density on the steel inside the scratch
would have been much higher than that on the surrounding zinc. Results for scratches formed in
bare steel are found in Figure 3-20. As expected, deposition occurred preferentially on the outside
edges of the scratches. In contrast, the results for galvanized steel were very different as shown in
Figure 3-21, where the deposit initiated in the scratch itself rather than at the edges. In addition
and importantly, deposition was observed inside the scratch at very short times for these substrates.
Thus, deposition took place preferentially in the scratch where the local current density was
highest, consistent with the hypothesis that a high local current density facilitates deposition.

Figure 3-19. Elemental EDX map for scratched galvanized steel.
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Figure 3-20. SEM image of initial coating deposition for (a) horizontal and (b) vertical scratches
on bare steel after 15s at a constant current density of 1 mA/cm 2.

Figure 3-21. SEM image of initial coating deposition inside (a) vertical and (b) horizontal
scratches on galvanized steel after 2s at a constant current density of 1 mA/cm 2.

3.2.4 Bubbles on Galvanized Steel
The deposit morphology observed on galvanized steel was attributed to the presence of
hydrogen bubbles on the surface. The natural question that stems from this explanation is why
were bubbles only a factor on the galvanized substrates? This section describes our brief efforts
to address this question.
The first type of experiment performed was to use a submersible camera to view bubble
formation on the galvanized and bare steel substrates in situ. Since the E-coat dispersion is opaque,
the electrode surface cannot be easily examined when immersed in the E-coat solution. Instead, a
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clear sulfamate solution whose pH and conductivity were adjusted to match those of the E-coat
dispersion was prepared to examine bubble formation. Significant differences were observed for
the two substrates as shown in Figure 3-22 for hydrogen evolution at a current density of 1
mA/cm2. Note that the images were taken at the same magnification and camera configuration,
but the different types of substrates reflected the light differently. Qualitatively, the bubble density
for galvanized steel was much higher than that of bare steel, and the bubbles tended to adhere to
the galvanized surface. In contrast, bubbles were much less prominent for bare steel. The observed
difference in bubble density is consistent with the deposit morphology, deposition behavior and
voltage behavior described previously in this Chapter for these two substrates. The voltage is
affected by the presence of bubbles on the surface, which masks a portion of the surface, increasing
the overpotential and the average current density in the remaining areas [40,41]. In addition, the
local current density is expected to be highest for the areas of the surface that immediately surround
bubbles due to the potential distribution. The fact that an increased current density leads to a
shorter induction time is shown above and well-established in the literature. The results presented
above also demonstrate that deposition can be increased locally, e.g., in a scratch, due to a locally
high current density. Locally high current densities were present on the galvanized steel due to
bubbles. As an aside, imperfections in the insulating phosphate layer play a similar role in
providing areas with high local current density where deposition is likely to initiate.
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Figure 3-22. Hydrogen evolution on (a) bare steel and (b) galvanized steel in the solution after 15
s with current density of 1 mA/cm2.

The submersible camera was also used to investigate hydrogen evolution on the scratched
substrates in the clear sulfamate solution. As shown in Figure 3-23, the bubble density appears to
be higher on the outside edges of the scratch on bare steel. In contrast, the bubble formation rate
was much higher inside the scratch on galvanized steel.

Figure 3-23. Hydrogen evolution on scratches on (a) bare steel after 7 s and (b) galvanized steel
after 2 s in the clear solution at a current density of 1 mA/cm 2.

Additional tests were performed to examine the stability of bubbles on the electrode surface
during E-coat deposition. To do this, a normal deposition experiment was performed for a few
seconds (~ 8 s). Then, deposition was terminated by turning off the current and the deposit
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substrate was quickly removed from solution to observe bubbles, if any, on the surface. As shown
in Figure 3-24, the bubbles that formed on galvanized steel surface were sufficiently stable to
remain on the surface and were photographed. In contrast, any bubbles on bare steel quickly
disappeared upon removal of the substrate from the E-coat dispersion and were not successfully
imaged. These observations illustrate that the stability of the bubbles on galvanized steel in the Ecoat dispersion was qualitatively similar to that observed in the sulfamate solution. Also, the
bubbles on galvanized steel were more stable than those on bare steel in the E-coat dispersion,
consistent with the important role of bubbles in formation of the initial coating on galvanized
surfaces. Coverage of the surface with bubbles also contributed to an increased overpotential,
consistent with the increasing voltage observed during the induction period. As noted above,
coating deposition around the bubbles had a significant influence on the deposit morphology for
galvanized steel substrates. The circular features in the film on galvanized steel were observed
because bubbles adhered to the surface and inhibited deposit growth in those areas. Large bubbles
were present in the film that resulted from deposition that was allowed to continue until a steep
voltage rise was observed. Upon rinsing, the bubbles were removed from the substrate and a
porous film was obtained. In contrast, the morphology of the initial film on bare steel was not
significantly affected by bubbles, which did not adhere appreciably to the steel surface.
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Figure 3-24. Bubbles on the surface of galvanized steel in the E-coat dispersion for 8 s at a
current density of 1 mA/cm2.

3.3

Conclusions
In this chapter, the mechanism of film formation during the induction period for cathodic

electrodeposition of coatings was investigated. Interruption experiments were performed to
explore the key processes and parameters that impact the induction time. Results of interruption
experiments demonstrated that the induction time was not due solely to concentration buildup near
the cathode. The observation of different induction times for different types of substrates at the
same current density also supports this conclusion. Although the morphology of the initial coatings
observed for different substrates varied, the coating preferentially deposited at areas where the
local current density was higher. Thus, localized deposition attributed to locally high current
densities played an important role in the formation of initial deposits and had a large impact on the
induction time. This study improves our understanding of the processes that influence E-coat
deposition and provides insights that can help guide the development of improved E-coat models
toward the eventual goal of effective digital design.
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4

AN EXPERIMENTAL INVESTIGATION OF PROCESSES NEAR THE
SURFACE

4.1

Introduction
In chapter 3, we pointed out that the transient behavior before the onset of deposition was

not controlled solely by processes near the surface such the buildup of concentrations and substrate
factors such as adhesion of hydrogen bubbles to the surface influence the transient behavior.
Recently [42], the impact of convection on the deposit formation was investigated. It was observed
that the onset of deposit formation was further delayed when convection was applied. The
increased delay due to applying convection was attributed to disrupting the processes near the
surface that control deposit formation. Therefore, understanding of the processes near the surface
that influence the transient behavior is of particular importance to understand the early stages of
the E-coat deposition. This chapter investigates processes near the cathode surface before the onset
of E-coat deposition. Convection was used as a tool to determine if increase of pH at the surface
controls the deposit initiation. Additionally, experiments were performed to examine the impact
of the micelle transport and accumulation on the deposit initiation. Investigation of the micelle and
hydroxide ion accumulation enhances our understanding of the initial stages of E-coat deposition
and improves our ability to develop a predictive model of the delay before deposit initiation.
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4.2

Materials and Equipment

4.2.1 Materials
The pigment-free E-coat dispersions used in this study contained epoxy-amine resins and
were provided by PPG Industries. Deionized water (resistivity of 18.2 MΩ-cm) was used to dilute
the dispersions to a solid content of 15 wt%, which is in the typical range for industrial application.
A dispersion with the degree of neutralization (DN) of 65% and a pH of 5.4 was used to perform
experiments with an electrodeposition cell at the Electrochemical Research Lab at Brigham Young
University. Another dispersion with a DN of 57% and a pH of 6.5 was used to perform rotating
disk electrode experiments at the Research and Innovation Center of Ford Motor Company. Bare
steel (A366) was used as the cathode and galvanized steel (A527/A653) was used as the anode
electrodes for E-coat deposition on bare steel surface. A gold disk electrode (diameter =
5mm, Pine instruments, USA), a platinum mesh wire and an Ag/AgCl reference electrode (eDAQ
Inc, USA) were used in the rotating disk electrode experiments. Prior to performing experiments,
the deposition substrates were scrubbed with a soft sponge to remove grease and dust from the
surface and finally rinsed with acetone and ethanol.

4.2.2 Apparatus and Equipment
An electrodeposition cell with two anodes and one cathode was designed to provide a
uniform current density to the electrodes (see Figure 4-1). The anodes and cathode were of equal
size, 5 cm by 6 cm, and the distance between the two anodes was 22 cm. A Keithley power supply
(Model 2260B 800-1) was used to apply current to both sides of the cathode under galvanostatic
conditions. Since the cathode was placed in the center of the cell between the two anodes, current
was split equally to both sides of the cathode. All experiments in the electrodeposition cell were
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performed at 32 ± 1 °C by putting the cell in a constant temperature water bath (VWR model
1228). To measure the deposit mass, the substrates were removed from the dispersion, rinsed with
water, and dried at room temperature overnight before weighing. Also, a rotating disk electrode
(RDE) was used to investigate the effect of flow on deposit formation under galvanostatic
conditions. As shown in Figure 4-2, the gold disk electrode and platinum wire were used as the
working and counter electrodes, respectively. A Bio-Logic potentiostat (Model SP240) was also
used to perform RDE experiments. The voltage of the disk electrode was measured with respect
to an Ag/AgCl reference electrode. All the electrodes were immersed in the E-coat dispersion in a
jacketed three-neck flask that was placed on a stir plate. A water jacket was connected to a water
bath (Thermo Electron Corporation, NESLAB RTE-7) to maintain the dispersion temperature at
32oC.

Figure 4-1. E-coat deposition cell that provides a uniform current density to both sides of the
cathode.
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Figure 4-2. Schematic diagram of RDE setup for performing electrocoating.

4.3

Results and Discussion
Experiments were designed and performed to explore the processes that determine the

transient behavior that leads to deposition. Specifically, the impact of the local pH and the
accumulation of micelles at the surface were investigated.

4.3.1 Impact of pH on the Observed Transient Behavior
In several studies [9,18–20,36], the time required for deposit initiation has been attributed
to the transient increase of pH at the surface based on diffusion. If diffusion-based pH
accumulation is indeed the controlling mechanism, then deposit initiation in a convection/diffusion
system should be a predictable function of convection, which affects both the rate of accumulation
and the magnitude of the pH at the substrate surface. In this study, a rotating disk electrode (RDE),
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which has a well-defined flow field, was used to investigate the influence of convection and
evaluate the impact of the pH on the time required to initiate deposition [39].
A gold disk was used in the RDE experiments. E-coat deposition was performed at different
disk rotation rates of 0, 900, 1200, 1250, 1300, 1400 and 1600 RPM. To have fully developed
flow, the RDE rotation was initiated before a constant current was applied to the disk electrode.
The disk voltage was recorded with respect to an Ag/AgCl reference electrode that was placed far
away from the disk electrode in the dispersion to make sure that the reference electrode does not
affect the flow field near the disk. The voltage was corrected for only the IR drop in the dispersion
and no correction was made for the liquid junction potential.

Figure 4-3. Voltage of the gold disk electrode as a function of time at different rotation rates at
current density of 7.5 A/m2.
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The disk voltage with respect to the reference electrode at constant current density of 7.5
A/m2 for different rotation rates is shown in Figure 4-3. As shown in the figure, the voltage at
rotation rates of 0, 900, 1200, 1250 and 1300 increased gradually before observation of an abrupt
voltage increase due to the formation of a resistive film. The rate of the voltage increase for 0 RPM
before the abrupt increase was higher than the other rotation rates. The higher rate of voltage
increase for 0 RPM may have been due to partial masking of the surface by adhesion of hydrogen
bubbles in the absence of flow. This explanation is supported by the observation of a smooth film
formed in the presence of flow, in contrast to the formation of a porous film under no-flow
conditions [42]. For rotation rates of 1400 RPM or greater, an abrupt increase in the voltage was
not observed within 100s.
A model was used to predict the pH at the disk surface as a function of time at different
rotation rates. The model was also used to estimate the time required to reach steady state.
Comparison of the calculated time-dependent pH at the surface with the observed transient
behavior of the system (Figure 4-3) will help to elucidate the role of the pH in determining the
transient behavior of the system. The Nernst-Planck equation can be used for the flux of hydroxide
ions in the dispersion:

𝑁𝑂𝐻 − = −𝑧𝑂𝐻− 𝑢𝑂𝐻− 𝐹𝐶𝑂𝐻−

𝑑𝜙
𝑑𝑧

− 𝐷𝑂𝐻 −

𝑑𝐶𝑂𝐻−
𝑑𝑧

+ 𝜐𝑧 𝐶𝑂𝐻 −

(4-1)

where COH− , 𝑧OH− , 𝑢OH− and 𝐷OH− are the hydroxide ion concentration, charge, mobility, and
diffusion coefficient, respectively. 𝜐𝑧 is the velocity in the direction of z near the electrode and z
is the vertical distance from the electrode. z is zero at the disk surface and increases with increasing
the distance from the surface. 𝐹 is Faraday constant and

𝑑𝜙
𝑑z

is potential gradient in the dispersion.

The migration term was neglected in these calculations since it was insignificant compared to the
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diffusion term, as shown in the Appendix A.1. The 1D material balance equation for the hydroxide
ions is given by:
𝜕𝐶𝑂𝐻−
𝜕𝑡

= −𝛻. 𝑁𝑂𝐻− = 𝐷𝑂𝐻−

𝜕 2 𝐶𝑂𝐻−
𝜕𝑧 2

− 𝜐𝑧

𝜕𝐶𝑂𝐻−

(4-2)

𝜕𝑧

The Reynolds number (Re) for RDE systems is defined by

𝑎2 𝛺
𝜈

where 𝑎 is the disk radius,

𝛺 is the rotation rate, and 𝜈 is the solution kinematic viscosity. For the maximum rotation rate that
was used during the RDE experiments (1600 RPM), the Reynolds number was estimated to be
about 115. Therefore, the flow in the RDE system was a laminar flow (𝑅𝑒 < 200,000). The zvelocity for laminar flow is given by [39,43]:
𝜇

(4-3)

𝜐𝑧 = −0.51023𝑧 2 𝛺 3/2 ( ) −1/2
𝜌𝐷

where 𝜇 and 𝜌𝐷 are the viscosity and density of the dispersion. As shown in Eq. (4-3), the velocity
only depends on the rotation rate and the distance from the disk surface and is independent of the
radius. The viscosity and density are assumed to be constant and equal to the bulk values.
The hydroxide ion diffusion coefficient is inversely proportional to viscosity and was
corrected for the dispersion viscosity as follows [44]:
𝐷𝑂𝐻 − = 𝐷𝑂𝐻− ,0

𝜇0

(4-4)

𝜇

where 𝐷OH− ,0 is the hydroxide ion diffusion coefficient in water, and 𝜇0 is water viscosity.
The initial and boundary conditions are given by:
𝐶𝑂𝐻 − = 𝐶𝑂𝐻− ,𝐵𝑢𝑙𝑘

@

(4-5)

𝑡=0
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𝑖

= −𝐷𝑂𝐻−
𝐹

𝜕𝐶𝑂𝐻−
𝜕𝑧

𝐶𝑂𝐻 − = 𝐶𝑂𝐻− ,𝐵𝑢𝑙𝑘

@

𝑧=0

(4-6)

@

𝑧=𝐿

(4-7)

where 𝐶𝑂𝐻 − ,𝐵𝑢𝑙𝑘 is the bulk hydroxide ion concentration and L the distance from the surface.
Hydroxide ions are consumed in the oxygen evolution reaction at the counter electrode (anode)
surface. Since the hydroxide ion generation rate at the cathode is equal to the hydroxide ion
consumption rate at the anode, the bulk pH does not change appreciably during the experiments.
The material balance equation with the initial and boundary conditions was solved with COMSOL
Multiphysics 5.3. The simulation was solved for different L values for 40 s and with 0 and 800
RPM. It was found that using an L value greater than 0.1 mm and 1mm did not affect the simulation
results with and without flow, respectively (See Appendix A.2). The parameters used in estimation
of pH at the RDE surface are summarized in Table 4-1.

Table 4-1. Parameters used in RDE modeling.
Parameter
DOH− ,0
μ0
μ
ρD
COH− ,Bulk
i

Value
5 × 10−9 (m2 /s)
7.8 × 10−4 (Kg/m. s)
9.12 × 10−3 (Kg/m. s)
1.03 × 103 (Kg/m3 )
3.16 × 10−5 (mol/m3 )
−7.5 (A/m2 )
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Source
Ref. [45]
Ref. [46]
Measured
Measured
Measured
Applied

Figure 4-4. The pH at the disk surface as a function of time at different rotation rate.

The pH behavior at the surface with and without flow is shown in Figure 4-4. As shown in
the figure, the pH at the surface with different rotation rates reaches steady state in about one
second, while the pH at the surface without flow continues to increase with time. The steady state
pH value at the surface for different rotation rates was about 11.4. Also, the required time for the
pH at the surface to reach steady state slightly decreases with increasing rotation rates. In contrast,
the pH without flow increases to a significantly different value of about 12.4 after 40 s.
Simulation results of the surface pH were compared to experimental voltage behavior to
understand the impact of the surface pH on the deposit initiation. The time required to reach steady
state in the presence of flow was very different than the time that the steep voltage increases, which
has been correspond to the deposit initiation, were observed in Figure 4-3. For example, the surface
pH at 1300 RPM reached steady state in less than one second, while the steep voltage increase at
this same rotation rate was observed at approximately 80s. The accumulation of hydroxide ions
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during cathodic electrocoating is analogous to the accumulation of hydrogen ions during anodic
electrocoating. Therefore, this contrasts with Beck [16] who attributed the longer time to observe
the steep voltage increase in the presence of flow during anodic electrocoating to a slower
accumulation rate of hydrogen ions at the surface. The magnitude of the calculated pH when the
steep voltage increase was observed was approximately 12.4, consistent with the critical pH value
identified in the literature. However, a considerably higher hydroxide ion concentration or lower
steady-state pH was calculated in the presence of flow, where deposition was also observed.
Hence, it is not necessary to reach a pH of 12 for deposition to occur. Taken together, these
observations and calculations indicate that the dynamic behavior during the early stages of
deposition is not controlled by pH changes at the surface. There are processes such as the migration
of micelles that need to be considered to understand the dynamics of E-coat deposition during the
early stages.

4.3.2 Early Stages of Deposit Formation
As shown in the previous section, the delay before deposit initiation cannot be explained
by the increase of the surface pH. Experiments were performed to better understand the processes
that control the deposit initiation, with the goal of being able to predict the onset of deposition in
occluded areas. Our previous work showed that the induction time on galvanized steel was
influenced by bubble adhesion to the surface; that work also indicated that such adhesion was
minimal on bare steel. Because the focus of this work is on solution-based processes, the
experiments were performed on bare steel. It remains for future work to take the solution-based
processes and combine them with the impact of substrate-specific characteristics to produce a
complete model for industrially relevant substrates such as pretreated steel.
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An abrupt voltage increase under galvanostatic conditions has been commonly used to
identify the deposition onset during electrocoating [9,16,18]. As shown in Figure 4-5, the voltage
for bare steel increased gradually until an abrupt voltage increase due to completion of a resistive
film was observed at the induction time (). Like our previous work [42,47], voltage was collected
every 0.1 s. The induction time was defined as the time at the beginning of the first 0.5 s period
over which the rate of change of the voltage increased by about a factor of 5. The induction time
for bare steel at current density of 10 A/m 2 was 17.2 s with a standard deviation of 0.7 s. To
understand the relationship between deposit formation at early stages of E-coat deposition and the
abrupt voltage increase, the deposit mass was measured as a function of time at different current
densities. The deposit mass for each set of conditions was measured three times, and the average
deposit mass with a standard deviation is reported.

Figure 4-5. Voltage as a function of normalized time during galvanostatic electrocoating; current
density = 10 A/m2.
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To understand the relationship between the induction time and the mass deposition, voltage
behavior, the induction time and the deposit mass are shown in Figure 4-6. As shown in the figure,
deposition began well before the induction time at each current density. The nonlinear variation
of the induction time with the current density is also evident from the figure. For example, the
induction time doubled when the current was decreased by 30% from 10 to 7 A/m 2. The
nonlinearity is illustrated more clearly in Figure 4-7a, which shows the induction time as a function
of current density. Although the data are limited, the induction time appears to scale much more
linearly with the reciprocal of the current density squared, which is consistent with the observed
relationship in previous studies [9], as shown in Figure 4-7b.
Figure 4-8 shows the same mass data in a different form, where each data set has been
normalized by its respective induction time. As shown in the figure, the normalized mass data at
different current densities merge to a single curve. The deposition rate between two consecutive
data points for each set of data was estimated by dividing the mass increase between the two data
points by time. The estimated deposition rate began to increase by a factor of 5 at about 70% of
the induction time at different current densities. Thus, the processes that take place scale with the
induction time and are similar at the different currents considered. In addition, these results show
unequivocally that significant deposition takes place prior to the steep voltage rise associated with
the induction time. Since the overpotential is a logarithmic function of superficial current density,
the voltage did not increase significantly due to the formation of initial deposit. Therefore, the
induction time is not associated with a sudden onset of deposition, but is due to complete coverage
of the surface by a resistive layer [47]. The nonlinear mass deposition during the induction period
is due, at least in part, to the progressive coverage of the surface, which increases the local current
density and accelerates deposition.
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Figure 4-6. The induction time and deposited mass at different current densities; time is
normalized to the induction time at current density of 10 A/m 2.

Figure 4-7. (a) The induction time as a function of current density. (b) The induction time as a
function of 1/i2.
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Figure 4-8. Deposited mass on bare steel as a function of normalized time at different current
densities; time is normalized to the induction time at each current density.

4.3.3 Investigation of Processes Near the Surface During Early-Stage Deposition
As shown in the previous section, deposition rate began to appreciably increase at
approximately 70% of the induction time. To understand the time-dependent processes that control
the deposit initiation, further experiments were performed.
Several sets of interruption experiments were designed and performed on bare steel at a
current density of 10 A/m2 (see Figure 4-9). Experiments at each condition were repeated at least
three times and average results with a standard deviation are reported. As shown in Figure 4-9,
current was interrupted after applying it for an initial time (t 1). In the first set of interruption
experiments, the substrate was taken out of the dispersion after the interruption and was rinsed
thoroughly with deionized water. Then, the rinsed substrate was placed back into the dispersion
and current was reapplied. The voltage after the interruption was recorded until an abrupt increase
was observed (t2).
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Figure 4-9. Schematic plot of voltage versus time during interruption experiments under
galvanostatic conditions.

4.3.3.1 Formation of a Surface Layer on the Deposition Substrate
When the bare steel substrate was removed from the dispersion for rinsing, an opaque white
layer was observed at the surface. It was observed that the surface layer appearance became more
opaque and whiter as the initial time before interruption increased, consistent with an increased
surface layer thickness. The impact of rinsing on the induction time is shown in Figure 4-10. As
shown in the figure, the deposition process started over when the substrate was rinsed before 70%
of the original induction time. In contrast, the induction time decreased if the current was
interrupted before 70% of the original induction time. Decreasing the induction time can be
attributed to the formation of an initial deposit after 70% of the induction time (see Figure 4-8).
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Figure 4-10. The normalized induction time after rinsing (tR2/) as a function of the normalized
initial time before interruption (t1/).

The impact of the formation of the surface layer on the potential drop was also investigated.
The voltage just before the interruption was compared to the initial voltage after the rinsing the
substrate. Figure 4-11a shows that the voltage gradually increased with time after a fast initial
increase. The fast initial increase of the voltage before and after the interruption could be explained
by the concentration overpotentials. Figure 4-11a also shows that the removal of the surface layer
by rinsing caused the voltage to decrease. The average voltage drop triplicate runs as a function of
the normalized time is shown in Figure 4-11b. The bars associated with each point represent the
standard deviation for each set of experiments. While there is considerable scatter in the data, the
results are sufficient to provide an estimate of the magnitude of the voltage drop associated with
the surface layer, as well as illustrate the trend of increasing voltage drop with time.
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Figure 4-11. (a) Voltage versus normalized time before and after interruption. (b) Voltage drop
versus normalized time.

The surface layer was further investigated by performing more experiments. Current was
applied for a specific time and the surface layer mass was measured in each experiment. To do
this, the substrate was gently removed from the dispersion and the surface layer was removed by
rinsing with a known amount of water after each experiment. The surface layer mass was
determined by subtracting the mass of the water used for rinsing from the total mass that was
collected during the rinsing process. Note that there could be some error in the measurements due
to the residual of water on the substrate after rinsing. The error was estimated to be about 0.4±0.1
mg/cm2 by subtracting the mass of collected water from the mass of water that was used to rinse a
dry substrate. Therefore, the actual surface layer mass could be about 0.4 mg/cm 2 greater than the
reported values. As shown in Figure 4-12, the mass of the surface layer increased with time at a
constant current density. A blank experiment was performed to show that the increase in the
surface layer mass was due to application of current and not just to time in the dispersion. For the
blank experiment, the substrate was placed in the dispersion without current for a period of time
approximately equal to the measured induction time. The surface layer mass for the blank
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experiment and other experiments are shown in Figure 4-12. As shown in the figure, the surface
layer mass with application of current increased with time and was higher than the surface layer
mass with no current. Increasing the surface layer mass due to application of current is consistent
with the increased opacity of the layer with time that was mentioned earlier. Given the critical
role of the surface layer shown above, the observed changes in the surface area mass likely reflect
the transient processes that determine deposition in the early stages. Micelle accumulation at the
surface under the influence of the electric field during the application of current is likely
responsible for the observed increase in the surface layer mass.

Figure 4-12. The surface layer mass as a function of normalized time under a constant current
density of 10 A/m2.

4.3.3.2 Role of the Surface Layer
In the previous section, it was clearly shown that the deposition process started over when
the surface layer was removed. In this section, the impact of the formation of the surface layer on
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the transient behavior will be investigated. Another set of interruption experiments was performed
in which the surface layer was not removed by rinsing the substrate. Instead, the substrate was left
in the dispersion and the surface layer was undisrupted after interrupting current. Although the
surface layer was not physically disrupted, the concentration gradients immediately started to relax
after stopping current.
For example, the buildup of hydroxide ion and micelle concentrations in the surface layer
is expected to relax to some extent after the interruption. Therefore, the changes in the surface
layer that occur before the interruption are expected to have little to no effect on the induction time
after the interruption if the transient behavior is influenced by the surface layer. In other words,
the induction time after the interruption is expected to be similar or slightly shorter than the
originally measured induction time if the changes in the surface layer before interruption are
relaxed.
In this set of interruption experiments, current was interrupted after 6s which was
approximately 35% of the induction time. Consistent with the literature, the hydroxide ion
concentration was assumed to relax because of hydroxide ion diffusion. As shown in Figure 4-13,
the hydroxide ion concentration at the surface increases to about 13.85 mol/m 3 (a pH of about
12.15) at 6 s. After interrupting the current at 6 s, the hydroxide ion concentration starts to decrease
and reaches about 0.7 mol/m3 or 5% of the initial concentration buildup (a pH of about 10.8) after
about 10 min. Therefore, current was interrupted for 5, 10, and 15 minutes. The significant
decrease in the surface concentration that takes place while the current is interrupted should impact
the transient behavior after restarting the current if the hydroxide concentration at the surface
controls the dynamics of the process.
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As shown in Figure 4-14, the induction time was not affected by different relaxation
periods if the surface layer is not removed. In other words, the deposition processes continue where
it left off after relaxation periods of 10 min and 15 min. The transient behavior during the initial
stages of deposition was determined by the surface layer itself rather than the hydroxide ion
concentration buildup that was established simultaneously.

Figure 4-13. (a) The hydroxide ion concentration profiles at different times. (b) The hydroxide
ion concentration at the surface as a function of time.

Figure 4-14. Impact of relaxation time and rinsing on the induction time after interruption.
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4.3.3.3 Stability of the Surface Layer
It is shown in the previous section that the surface layer determines the transient behavior.
Additional experiments were performed to learn more about the nature of the surface layer. The
surface layer appeared to be stable in the dispersion after 10 ad 15 minutes of interruption. To
examine the surface layer stability, another set of interruption experiments was performed. Current
was interrupted at 35% of the induction time. Then, the substrate was gently removed and
immerged in DI water. The experiments were repeated with multiple substrates and for different
amounts of time in water. Then, the substrate was placed back into the dispersion and current was
reapplied.
It was observed that the surface layer immediately began to disperse in water. After a few
minutes, the visible surface layer completely disappeared from the substrate. As shown in Figure
4-15, the induction time increased the longer the substrate was immerged in water during the
interruption. The surface layer was removed after 2-3 minutes in water and the induction time after
the interruption was similar to the induction time after rinsing. A blank experiment was also
performed to examine the impact of the removal process on the surface layer (see Figure 4-15).
The results show that resetting the induction time was not due to disruption the surface layer. The
results from this set of interruption experiments showed that the surface layer can redissolve in
water and was not significantly coagulated. It also shows that the stability of the layer is affected
by the micelle concentration in the surrounding solution, which seems to slow redissolution and
stabilize the layer.
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Figure 4-15. The impact of substrate immersion in water and rinsing on the induction time after
interruption.
4.3.4 Discussion
In the sections above, several different types of experiments were performed to enhance
our understanding of transient behavior during the early stages of E-coat deposition. Such an
understanding is critical to our ability to accurately predict deposition behavior in occluded areas.
The rotating disk simulations showed that steady state concentration profiles are reached rapidly
in the presence of flow, and that there was relatively little difference in the steady-state pH for the
range of flow rates considered. In contrast, experiments showed induction times that were much
longer than those required for the concentration profiles to reach steady state. In addition, the
observed induction times increased with flow rate while the calculated times to reach steady state
slightly decreased. There was also a mismatch between the surface pH at the induction time for
flow and no-flow conditions. These results demonstrate that, while pH undoubtedly plays a role,
concentration buildup does not control the dynamics in the early stages of deposition.
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Interruption experiments demonstrated the critical role of a removable layer formed at the
surface on deposition. The thickness of this layer varied with time in the presence of current,
consistent with transport by migration and concentration of micelles at the surface. Complete
removal of this layer reset or reinitiated the deposition process if done in the initial stages of
deposition before completion of about 70% of the induction period. In contrast, the E-coat process,
if interrupted, continued from where it left off when the surface layer was left intact. The layer
was stable in the dispersion, but not in water for the conditions considered; therefore, it is not an
agglomerated deposit on the surface. Rather, it is most likely a high viscosity layer formed by the
transport and accumulation of micelles at the surface. The extended induction period observed in
the RDE experiments is likely due to micelle removal by the flow, which slows layer formation.
In contrast to the surface layer, deposition on the substrate surface took place before the
induction time was reached, beginning in earnest about 70% of the way through the induction
period. Interestingly, deposition dynamics scaled to the induction time for different applied
currents. The sharp change in the voltage (or current) associated with the induction time is not
due to a deposition “event” because a critical concentration has been reached, but rather to
coverage of the surface by a resistive layer. Partial masking of the surface by deposition increases
the local current density and, consequently, the rate of deposit formation.
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4.4

Conclusions
The processes that determine the transient behavior in the early stages of E-coat deposition

were investigated experimentally. Appreciable deposition began at about 70% of the induction
time, and results at different current densities scaled similarly with the induction time. RDE
experiments and simulations showed that enrichment of hydroxide ions at the surface with time is
not responsible for the observed time-dependent behavior in early-stage deposition. Rather, the
formation of a removable surface layer is critical to the deposit initiation. Surface layer growth is
connected to the flow of current and is likely the result of micelle accumulation. This study
improves our understanding of the processes that control early-stage deposition and will be used
to improve our ability to predict deposition in occluded areas of geometrically complex substrates.
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5

A FUNDAMENTALLY BASED MATHEMATICAL MODEL TO PREDICT THE
ONSET OF DEPOSITION

5.1

Introduction
In the previous chapters, the processes that impact the deposit initiation were investigated.

In Chapter 3, it was shown that the induction time for galvanized steel was influenced by the
adhesion of bubbles to the surface. In Section 3.3.2, as seen in SEM images, the bubble adhesion
to the galvanized steel surface resulted in the formation of a porous film, while the deposited film
on bare steel was pore-free (also refer to [42]). Also, it was observed that the bubble adhesion to
bare steel was insignificant, relative to galvanized steel, when the bubble formation was examined
in a clear sulfamate solution by an in situ camera. Therefore, it was assumed the bubble adhesion
does not significantly impact the deposit initiation on bare steel.
In Chapter 4, it was shown that the deposition rate began to increase appreciably at about
70% of the induction time. As shown by RDE experiments and simulations, the delay before the
onset of deposition cannot be explained by the accumulation of hydroxide ions at the surface. The
results of additional experiments showed that the formation of a surface layer on the substrate is
responsible for the observed time-dependent behavior before deposit initiation. The growth of the
surface layer was connected to the current density and was likely due to the accumulation of
micelles.
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In this chapter, we will focus on modeling physical processes at the surface to explain the
deposit initiation, with the goal of predicting the onset of deposition. It was shown in Chapter 4
that the formation of a surface layer, which was attributed to the accumulation of micelles at the
surface, was critical to the deposit initiation. Therefore, a mathematical model will be developed
to investigate the impact of micelle accumulation on the initiation of deposition. The developed
model will be evaluated by predicting the delay before deposition at different current densities and
bulk micelle concentrations. The model will help us to explain the early stages of deposition and
will provide insights for improving simulation of E-coat deposition in large-scale systems.

5.2

Physical Processes Near the Surface
In this section, the physical processes that occur near the surface will be discussed. As

discussed in Section 2.2, the common E-coat dispersions are made of epoxy-amine resins. Each
resin contains two epoxy-amine groups. The resins become dispersible and form micelles (a
dispersed organic phase) in water after being partially protonated by reacting with a strong acid
such as sulfamic acid as follows:
−𝑅2 𝑁 + 𝐻3 𝑁𝑆𝑂3 ↔ −𝑅2 𝑁𝐻 + + 𝐻2 𝑁𝑆𝑂3 −

(5-1)

where −𝑅2 𝑁𝐻 + and −𝑅2 𝑁 are protonated and unprotonated amine groups. The fraction of amines
that are protonated, degree of neutralization (𝐷𝑁𝐵𝑢𝑙𝑘 ), depends on the ratio of the acid to the amine
groups. If 𝐷𝑁𝐵𝑢𝑙𝑘 is less than 1, some of the amine groups remain unprotonated. 𝐻2 𝑁𝑆𝑂3 − ions
are the counterions in the dispersion that form the double layer around the micelles.
Since the E-coat pH is acidic, initially hydrogen is evolved at the cathode surface:
1

(5-2)

𝐻 + + 𝑒̅ ↔ 2 𝐻2
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After consumption of the hydrogen ions, hydroxide ions are generated as follows:
1

(5-3)

𝐻2 𝑂 + 𝑒̅ ↔ 𝑂𝐻 − + 2 𝐻2

The generated hydroxide ions diffuse and migrate away from the cathode. On the other
hand, both the positively charged micelles, which can have a diameter of up 500 nm [34] and
hydrogen ions migrate toward the cathode surface. When the micelles move, a fraction of the
counterions (β) also move with the micelles and shield some of the micelle charges. Since the
initial pH of the dispersion is acidic, some of the hydroxide ions are consumed by reacting with
the hydrogen ion in the following equilibrium reaction:
(5-4)

𝐻2 𝑂 ↔ 𝐻 + + 𝑂𝐻 −

However, the generated hydroxide ions also react with the protonated amines at the micelle surface
(see Figure 5-2). The protonated amines become deprotonated in the following equilibrium
reaction [48]:
(5-5)

−𝑅2 𝑁𝐻 + + 𝑂𝐻 − ↔ −𝑅2 𝑁 + 𝐻2 𝑂

Note that it is crucial to understand the difference between the amines that become
deprotonated due to the deprotonation reaction and the initial unprotonated amines in the model.
When a micelle is formed, the protonated amine groups prevail on the micelle surface and the
unprotonated amine groups prevail in the interior of the micelle. Under vigorous stirring, the
arrangement of amines takes up to an hour [32]. During electrocoating, the exterior protonated
amines react with the hydroxide ions and become deprotonated. The micelle size is not expected
to change and the amines are not expected to rearrange due to the deprotonation reaction since the
time scale of the electrocoating process does not exceed 2-3 minutes under less vigorous
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convection. The deprotonated amines will remain on the micelle surface while the unprotonated
amines are in the interior of the micelles. Consequently, Eq. (5-5) only applies to the
protonated/deprotonated amines on the surface of micelle and the hydroxide ions. Since only the
surface amines are involved in the reaction, −𝑅2 𝑁 is redefined in the model to refer to the
protonated amines that become deprotonated.

Figure 5-1. Schematic diagram of physical processes near the surface prior to deposition.
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Figure 5-2. Simplified schematic diagram of amine deprotonation and water reactions.
5.3

Micelle Migration
In the E-coat dispersion, there is a strong repulsive force between the micelles. In the

absence of the electric field, a decrease in the micelle charge is required to overcome the repulsive
force between micelles. However, when an electric field is applied, the repulsive force between
the micelles decreases due to micelle polarization. The micelles become polarized because the
micelle double layer, which includes the counterions, becomes thinner at the front and wider
behind the micelles due to the applied electric field and the flow that is created by the micelle
motion [49]. Diminishing the repulsive force due to micelle polarization will allow the micelles to
migrate and accumulate at the surface [50–52].
The impact of micelle polarization on the repulsive force can be investigated by observing
micelle behavior in a centrifuge. Micelles become polarized due to the centrifugal force, but their
charges do not decrease. If the micelles accumulate, the repulsive force is overcome by micelle
polarization. Therefore, the results of centrifuge experiments will show if decreasing the micelle
charge is required for the micelle accumulation. Centrifuge experiments were performed at a
rotation rate of 14800 RPM for several durations up to 30 minutes in a Thermo Scientific
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Centrifuge (Model Sorvall Legend Micro 21) to produce a centrifugal force that was similar in
magnitude to the electric field force (see Appendix B.1). It was observed that the micelles settled
out of the dispersion and deposited at the end of the centrifuge tube. The sediment mass as a
function of time is shown in Figure 5-3. The deposit or sediment properties are not expected to be
exactly similar to the deposit layer properties during electrocoating since the micelles do not
become deprotonated by the hydroxide ions. However, the results of centrifuge experiments
showed that decreasing the micelle charge is not required to overcome the repulsive force between
micelles. This is because hydroxide ions are not generated or added to the dispersion during the
centrifuge experiments. These results contradict the mechanism of deposition initiation proposed
by Vatistas [23,24]. Vatistas stated that the micelles start to deposit when the repulsive force
between them decreases due to the deprotonation of micelles by hydroxide ions. However, we
postulate that as the micelles accumulate, the attractive force between them increases since the
distance between the micelles decreases. Increasing the attractive force between the micelles will
result in deposition.

Figure 5-3. The sediment mass as a function of time during centrifuge experiments of 1mL
samples of the 15% wt E-coat dispersion.
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5.4

Governing Equations
The governing equations that describe the physical processes at the surface before deposit

formation will be discussed in this section.
Micelle accumulation can be described by the following material balance equation:
𝜕𝐶𝑀
𝜕𝑡

(5-6)

= −𝛻 ∙ 𝑁𝑀

where 𝑁𝑀 = −𝑧𝑀′ 𝑢𝑀 𝐹𝐶𝑀

𝑑𝜙
𝑑𝑥

. 𝑧𝑀′ is the effective micelle charge, 𝑢𝑀 is the micelle mobility, 𝐶𝑀

is the micelle concentration, and

𝑑𝜙
𝑑𝑥

is the potential gradient. Since the micelle migration is much

greater than the micelle diffusion [9], micelle diffusion is neglected. When the micelles move,
some of the counterions move along with the micelles and shield some of the micelle charge.
Therefore, the effective micelle charge for the migration will be lower than the actual micelle
charge [53,54].
The actual micelle charge is equal to the number of protonated amine groups at the surface
of each micelle. The actual micelle charge depends on the aggregation number (𝑁𝐴𝑔𝑔 ) and degree
of neutralization (𝐷𝑁𝐵𝑢𝑙𝑘 ). The aggregation number is the number of epoxy-amine resin molecules
that are present in one micelle and the degree of neutralization is the fraction of amines that are
protonated. Since each epoxy-amine resin consists of two amine groups, the actual micelle charge
before the deprotonation reaction is initially determined by:
(5-7)

𝑧𝑀0 = 2𝑁𝐴𝑔𝑔 𝐷𝑁𝐵𝑢𝑙𝑘

The micelle charge decreases when protonated amines react with hydroxide ions and
become deprotonated. After the deprotonation reaction, the micelle charge is given by:
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(5-8)

𝑧𝑀 = 𝛼𝑧𝑀0
where 𝛼 is the fraction of surface amines that are protonated:
𝐶−𝑅 𝑁𝐻+
2
)
−𝑅 𝑁𝐻+ +𝐶−𝑅2 𝑁

𝛼 = (𝐶

(5-9)

2

Note that α is initially equal to1 because the initial deprotonated amine concentration is
zero and all amines at the micelle surface are protonated. When the micelles move, a fraction of
counterions move along with the micelles and shield some of the micelle charges. Therefore, the
effective micelle charge, which is used to calculate the flux of micelle migration, depends on the
concentration of counterions that shield the micelles. The effective micelle charge is given by:

𝑧𝑀′ = (

𝐶−𝑅 𝑁𝐻+ −𝛽𝐶𝐻2 𝑁𝑆𝑂3−
2
)𝑧𝑀0
𝐶−𝑅 𝑁𝐻+ +𝐶−𝑅2𝑁

(5-10)

2

where 𝛽𝐶𝐻2 𝑁𝑆𝑂3 − is the bound counterion concentration. The fraction of effective or unbound
micelle charge is expected to increase when the micelle charge decreases [55]. The fraction of
unbound micelle charge is described by (1 −

𝛽𝐶𝐻2 𝑁𝑆𝑂3−
𝐶−𝑅 𝑁𝐻+
2

). This fraction for a constant 𝛽 in the

model also increases. Since electroneutrality is preserved, the ratio of counterions to the micelle
𝐶𝐻2𝑁𝑆𝑂3 −

charge ( 𝐶

−𝑅2 𝑁𝐻+

) decreases when the hydroxide ions accumulate. Therefore, using a constant 𝛽 in

the model is consistent with increasing the fraction of unbound micelle charge in the literature.
Each micelle initially consists of 2𝑁𝐴𝑔𝑔 𝐷𝑁Bulk or 𝑧𝑀0 protonated amines. Since the amines
after the deprotonation remain at the surface, the sum of the number of protonated and
deprotonated amines is always equal 𝑧𝑀0. Therefore, each micelle carries 𝑧𝑀 protonated amines
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and 𝑧𝑀0 − 𝑧𝑀 deprotonated amines after the reaction. The fluxes of available protonated and
deprotonated amines are given by:
𝑁−𝑅2 𝑁𝐻+ = 𝑧𝑀 𝑁𝑀

(5-11)

𝑁−𝑅2 𝑁 = (𝑧𝑀0 − 𝑧𝑀 )𝑁𝑀

(5-12)

As shown in the above equations, the flux of protonated and deprotonated amines depends
on the flux of micelles. Since the number of surface amines does not change, the total concentration
of amines at the micelle surface is given by:
(5-13)

𝐶−𝑅2 𝑁𝐻+ + 𝐶−𝑅2 𝑁 = 𝑧𝑀0𝐶𝑀

Figure 5-4. 2D illustration of the aqueous phase volume in the dispersion.

The micelles form an organic phase that is dispersed in water. Since the aqueous phase
volume fraction (white area) in the dispersion is less than one (see Figure 5-4), the actual
concentrations of ions are higher than the concentration based on the total dispersion volume.
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Therefore, the actual ion concentration is defined as moles of ions per aqueous phase volume rather
than moles of ions per total dispersion volume.
To calculate the actual concentration of ions, the aqueous phase volume fraction is needed.
The initial aqueous phase volume fraction is one minus the initial organic phase volume fraction.
The organic phase volume fraction is proportional to the micelle concentration. Therefore, the
aqueous phase volume fraction can be given by:
𝐶

(5-14)

𝜀 = 1 − 𝐶 𝑀 (1 − 𝜀0 )
𝑀0

where 𝐶𝑀0 is the initial micelle concentration, and 𝜀0 is the initial aqueous phase volume fraction.
Lower-case c’s are used for moles of species per volume of aqueous phase and upper-case C’s are
used for moles of species per total volume (𝐶 = 𝜀𝑐).
Hydroxide ions react with protonated amines (see Eq. (5-5)) and with hydrogen ions in water
(see Eq. (5-4)). Therefore, the material balance equations for hydroxide and hydrogen ions are
given by:
𝜕𝜀𝑐𝑂𝐻−
𝜕𝑡

𝜕𝜀𝑐𝐻+
𝜕𝑡

= −𝛻 ∙ 𝑁𝑂𝐻− − 𝑅𝑓𝑎 + 𝑅𝑏𝑎 + 𝑅𝑓𝑤 − 𝑅𝑏𝑤

(5-15)

(5-16)

= −𝛻 ∙ 𝑁𝐻+ + 𝑅𝑓𝑤 − 𝑅𝑏𝑤

where Rf𝑤 and Rb𝑤 are the forward and reverse reaction rates (mol/m 3·s) for the water reaction,
and Rf𝑎 and Rb𝑎 are the forward and reverse reaction rates for the deprotonation reaction. The
material balance equation for the protonated amines is given by:
𝜕𝐶−𝑅 𝑁𝐻+
2
𝜕𝑡

(5-17)

= −𝛻 ∙ (𝑧𝑀 𝑁𝑀 ) − 𝑅𝑓𝑎 + 𝑅𝑏𝑎
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Eq. (5-15), Eq. (5-16) and Eq. (5-17) can be combined to eliminate the unknown reaction rates:
𝜕𝜀𝑐𝑂𝐻−
𝜕𝑡

−

𝜕𝜀𝑐𝐻+
𝜕𝑡

−

𝜕𝐶−𝑅 𝑁𝐻+
2
𝜕𝑡

= −𝛻 ∙ 𝑁𝑂𝐻 − + 𝛻 ∙ 𝑁𝐻+ + 𝛻 ∙ (𝑧𝑀 𝑁𝑀 )

(5-18)

The material balance equations for the hydroxide ion, hydrogen ion, and the protonated amine are
replaced by the above equation, and the two equilibrium equations for water and the deprotonation
reactions. The water equilibrium equation is given by:
(5-19)

𝐾𝑊 = 𝑐𝐻+ 𝑐𝑂𝐻−

As discussed in Section 5.2, the protonated amines, deprotonated amines, and hydroxide
ions are in equilibrium with each other as follows (see Section 5.2):

𝐾𝐷 = 𝐶

𝐶−𝑅2𝑁

(5-20)

−𝑅2 𝑁𝐻+ 𝑐𝑂𝐻−

where 𝐾𝐷 is the deprotonation reaction equilibrium constant (see Eq. (5-5)), 𝑐𝑂𝐻− is the actual
hydroxide ion concentration and 𝐶−𝑅2 𝑁 and 𝐶−𝑅2 𝑁𝐻+ are bulk concentrations of deprotonated and
protonated amines. According to Eq. (5-9), 𝐶−𝑅2 𝑁 = (1 − 𝛼)𝐶−𝑅2 𝑁𝐻+ /𝛼. By substituting this
expression into the above equation, the equilibrium constant can be rewritten as a function α and
𝑐𝑂𝐻− [56]:
(5-21)

𝐾𝐷 = (1 − 𝛼)/𝛼𝑐𝑂𝐻 −

The flux of each species in the aqueous phase should be based on the superficial area and
includes migration, diffusion, and convection terms:
𝑑𝜙

𝑁𝑖 = −𝜀𝑧𝑖 𝑢𝑖 𝐹𝑐𝑖 𝑑𝑥 − 𝜀𝐷𝑖

𝑑𝑐𝑖
𝑑𝑥

(5-22)

+ 𝜀v𝑐𝑖
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where v is the velocity of the aqueous phase and 𝑢𝑖 is the ion mobility. The velocity of the aqueous
phase can be estimated by solving a volume balance equation for the organic (micelle) and aqueous
phase volume in the dispersion. Since both phases are incompressible, and mass is conserved, the
change in the aqueous phase volumetric flux is equal to the change in the organic phase volumetric
flux:
𝑑(𝜀v)
𝑑𝑥

=−

𝑑 (𝑁𝑀 𝑀𝑊𝑀 /𝜌𝑀 )

(5-23)

𝑑𝑥

where 𝜌𝑀 is the micelle density.
The counterion concentration is given by solving the following equation to preserve
electroneutrality:
∑ 𝑧𝑖 𝐶𝑖 = 𝑧𝑀 𝐶𝑀 + 𝑧𝑂𝐻− 𝐶𝑂𝐻− + 𝑧𝐻+ 𝐶𝐻+ +𝑧𝐻2 𝑁𝑆𝑂3 − 𝐶𝐻2 𝑁𝑆𝑂3 − = 0

(5-24)

where 𝑧𝑀 is the actual micelle charge, which changes due to the deprotonation reaction. The charge
balance equation, which is a weighted sum of the other material balance equations, is given by:
𝛻 ∙ 𝑖 = 𝛻 ∙ (𝐹 ∑ 𝑧𝑖 𝑁𝑖 ) = 𝐹𝛻 ∙ (𝑧𝑀 𝑁𝑀 + 𝑧𝑂𝐻− 𝑁𝑂𝐻− + 𝑧𝐻+ 𝑁𝐻+ +𝑧𝐻2 𝑁𝑆𝑂3 − 𝑁𝐻2 𝑁𝑆𝑂3 − ) = 0
(5-25)
When the micelle concentration increases near the surface, the dispersion viscosity near
the surface is also expected to increase. Therefore, the mobility and diffusion coefficients depend
on the organic phase volume fraction. The mobilities and diffusion coefficients are assumed to be
inversely proportional to viscosity:
𝐷
𝐷0

𝑢

=𝑢 =
0

𝜇0

(5-26)

𝜇
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where 𝐷0 and 𝑢0 are the diffusion coefficient and mobility in water and 𝜇0 is water viscosity.
Previous studies have shown that the dispersion viscosity increases approximately linearly with
the organic phase volume fraction [57,58]. Although the measured data are limited, a linear
relationship is used to describe the dispersion viscosity. Figure 5-5 shows a linear equation for the
measured dispersion viscosity as a function of the organic phase volume fraction. The viscosity of
the E-coat dispersion was measured with a Brookfield DV-E Viscometer by PPG Industries.

Figure 5-5. The E-coat dispersion viscosity as a function of organic phase volume fraction.

The unknowns and final form of the equations are summarized in Table 5-1.
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Table 5-1. List of unknowns and the final equations.
No

Unknowns

Equations

1

𝐶𝑀

𝜕𝐶𝑀
= −𝛻 ∙ 𝑁𝑀
𝜕𝑡

2

𝐶−𝑅2 𝑁𝐻 +

𝐶−𝑅2 𝑁𝐻 + + 𝐶−𝑅2 𝑁 = 𝑧𝑀0 𝐶𝑀

3

𝐶−𝑅2 𝑁

𝐾𝐷 = (1 − 𝛼)/𝛼𝑐𝑂𝐻 − , where 𝛼 = (𝐶

4

𝑐𝑂𝐻 −

𝜕𝜀𝑐𝑂𝐻 − 𝜕𝜀𝑐𝐻 + 𝜕𝐶−𝑅2𝑁𝐻 +
−
−
= −𝛻 ∙ 𝑁𝑂𝐻 − + 𝛻 ∙ 𝑁𝐻 + + 𝛻 ∙ (𝑧𝑀 𝑁𝑀 )
𝜕𝑡
𝜕𝑡
𝜕𝑡

5

𝑐𝐻 +

𝐾𝑊 = 𝑐𝐻 + 𝑐𝑂𝐻 −

6

𝑐𝐻2𝑁𝑆𝑂3 −

∑ 𝑧𝑖 𝐶𝑖 = 𝑧−𝑅2𝑁𝐻 + 𝐶−𝑅2𝑁𝐻 + + 𝑧𝑂𝐻 − 𝜀𝑐𝑂𝐻 − + 𝑧𝐻 + 𝜀𝑐𝐻 + + 𝑧𝐻2 𝑁𝑆𝑂3 − 𝜀𝑐𝐻2𝑁𝑆𝑂3 − = 0

7

𝜙

𝛻 ∙ 𝑖 = 𝛻 ∙ (𝐹𝑧𝑀 𝑁𝑀 + 𝐹𝑧𝑂𝐻 − 𝑁𝑂𝐻 − + 𝐹𝑧𝐻 + 𝑁𝐻 + + 𝐹𝑧𝐻2𝑁𝑆𝑂3 𝑁𝐻2𝑁𝑆𝑂3 ) = 0 *

8

𝜀

9

v

𝐶−𝑅 𝑁𝐻+
2
)
−𝑅 𝑁𝐻+ +𝐶−𝑅2 𝑁
2

𝐶𝑀
(1 − 𝜀0 )
𝐶𝑀0
𝑑 (𝜀v)
𝑑(𝑁𝑀 𝑀𝑊𝑀 /𝜌𝑀 )
=−
𝑑𝑥
𝑑𝑥
𝜀 =1−

𝑑𝜙

𝑑𝜙

* Note that 𝑁𝑀 = −𝑧𝑀′ 𝑢𝑀 𝐹𝐶𝑀 𝑑𝑥 and 𝑁𝑗 = −𝜀𝑧𝑗 𝑢𝑗 𝐹𝑐𝑗 𝑑𝑥 − 𝜀𝐷𝑗

𝑑𝑐𝑗
𝑑𝑥

+ 𝜀vcj (𝑗 = 𝑂𝐻− , 𝐻+ and 𝐻2 𝑁𝑆𝑂3− ).

Initial and boundary conditions
All species are initially at their bulk concentration. Also, the initial aqueous phase volume
fraction is equal to the bulk aqueous phase volume fraction (𝜀0 = 0.84). Hydroxide ions are
generated, and hydrogen ions are consumed at the cathode surface (𝑥 = 0). The sum of the
hydroxide and the hydrogen ions fluxes at the surface is directly related to the current density:
(5-27)

𝑖/𝐹 = (𝑁𝐻+ − 𝑁𝑂𝐻− )

The distance coordinate is defined as zero at the surface and increases with increasing
distance from the surface. Therefore, the hydroxide ion flux is positive, and the current is negative
in the above equation. The hydroxide and the hydrogen ions are the only charged species that are
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produced or consumed at the cathode surface. Eq. (5-27) will also be used as a boundary condition
for the charge balance equation at the surface (𝑥 = 0 ).
The charge balance equation includes the potential gradient term in the dispersion. The
potential was specified at a point in the bulk (𝜙𝐿 ) to calculate the potential gradient. Since the
governing equations include the potential gradient term rather than the absolute potential, the
magnitude of potential will not change the other variables. The concentrations of all species, and
the aqueous phase volume fraction are assumed to be constant and equal to the bulk values at 𝑥 =
𝐿. In Chapter 4, it was shown that the micelle deposition before 70% of the induction time was not
appreciable. Therefore, the organic phase volume flux at the surface will be zero:
(5-28)

𝑁𝑀 |𝑥=0 = 0

The micelle flux is proportional to the potential gradient. Therefore, when the micelle flux
is set to zero at the wall, the potential gradient has to become zero.
Since the hydrogen gas solubility in water is very small (0.00016 g/100g water), it is
assumed that the hydrogen that is evolved at the cathode surface (𝑥 = 0 ) leaves the aqueous phase
at the cathode surface:
(5-29)

(𝜀𝜌𝑎𝑞 v)|𝑥=0 = (𝑖𝑀𝑊𝐻2 /2𝐹)|𝑥=0
where 𝑀𝑊𝐻2 is hydrogen gas molecular weight.

If a mass balance is written for the entire domain between the distances of 0 and L, the
micelles enter, and water leaves the domain at 𝑥 = 𝐿. Therefore, the boundary condition for the
volume balance equation at 𝑥 = 𝐿 can be given by:
((𝜀𝜌𝑎𝑞 v)|𝑥=𝐿 − (𝑖𝑀𝑊𝐻2 /2𝐹)|𝑥=0 )/𝜌𝑎𝑞 = (𝑁𝑀 𝑀𝑊𝑀 /𝜌𝑀 )|𝑥=𝐿
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(5-30)

where 𝜌𝑎𝑞 is the density of the aqueous phase and 𝑀𝑊𝑀 is the micelle molecular weight. The
estimation of the micelle molecular weight will be discussed in detail in the next section. The
initial and boundary conditions are summarized in Table 5-2.
Table 5-2. Initial and boundary conditions.
Unknowns
𝐶𝑀
𝐶−𝑅2 𝑁𝐻 +

Initial conditions
𝐶𝑀,𝐵𝑢𝑙𝑘
𝐶−𝑅2 𝑁𝐻 + ,𝐵𝑢𝑙𝑘

𝑥=0
𝑁𝑀 = 0
𝐶−𝑅2 𝑁𝐻 + + 𝐶−𝑅2 𝑁 = 𝑧𝑀 𝐶𝑀

𝑥=𝐿
𝐶𝑀,𝐵𝑢𝑙𝑘
𝐶−𝑅2 𝑁𝐻 + ,𝐵𝑢𝑙𝑘

𝑐𝑂𝐻 −
𝜙
𝜀
v

𝑐𝑂𝐻 − ,𝐵𝑢𝑙𝑘
0
𝜀𝐵𝑢𝑙𝑘
0

𝑁𝑂𝐻 − − 𝑁𝐻 + = −𝑖/𝐹
𝑖 = 𝐹𝑧𝑂𝐻 − 𝑁𝑂𝐻 − + 𝐹𝑧𝐻 + 𝑁𝐻 + *
𝜀 = 1 − 𝐶𝑀 /𝐶𝑀0 (1 − 𝜀𝐵𝑢𝑙𝑘 )
(ερaq v)|x=0 = (iMWH2 /2F)|x=0

𝑐𝑂𝐻 − ,𝐵𝑢𝑙𝑘
0
𝜀𝐵𝑢𝑙𝑘
((ερaq v)|x=L − (iMWH2 /2F)|x=0 )/ρaq
= (NM MWM /ρM )|x=L

𝑗
* Note that 𝑁𝑗 = −𝜀𝑧𝑗 𝑢𝑗 𝐹𝑐𝑗 𝑑𝜙
− 𝜀𝐷𝑗 𝑑𝑥 + 𝜀vcj (𝑗 = 𝑂𝐻− , and 𝐻+ ).
𝑑𝑥

𝑑𝑐

Most of the parameters, as well as the initial and boundary conditions, are known or can
be estimated with use of established methods. However, the estimation of micelle mobility, initial
charge and concentration will be discussed in the next section.

5.5

Parameter Estimation
There are a few parameters such as the micelle mobility (𝑢𝑀 ), concentration (𝐶𝑀 ), and

counterion binding fraction (β) that are needed to solve the governing equations. This section
reviews how these parameters are estimated.
Micelle Mobility
The micelle mobility is estimated by:
1

𝑢𝑀 = 6𝜋𝜇𝑁

(5-31)

𝐴𝑣𝑜 𝑅𝐻
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where 𝑁𝐴𝑣𝑜 is Avogadro’s number, and 𝑅𝐻 is the hydrodynamic radius of the micelle. 𝑅𝐻 was
measured by a Dynamic Light Scattering instrument (Zetasizer Nano ZS90). To measure the
hydrodynamic size, the dispersion was diluted to 0.1 wt%.
Micelle Concentration and Aggregation Number
The micelle concentration in the bulk dispersion is determined by:

𝐶𝑀 =

𝐶𝑅2𝑁−𝑁𝑅2

(5-32)

𝑁𝐴𝑔𝑔

where 𝐶𝑅2 𝑁−𝑁𝑅2 is the initial concentration of the epoxy-amine resin, which includes two amine
groups. 𝑁𝐴𝑔𝑔 is the micelle aggregation number and it is estimated by [59]:

𝑁𝐴𝑔𝑔 =

(1−𝑓𝑊𝑎𝑡𝑒𝑟 )𝑀𝑊𝑀

(5-33)

𝑀𝑊𝑅

where 𝑀𝑊𝑅 is the epoxy-amine resin molecular weight. 𝑓Water is the water volume fraction in the
micelle. The resin density (𝜌𝑅𝑒𝑠𝑖𝑛 ) is about 1.2 g/cm3 and the density of the dried film that is
formed by the micelle deposition is estimated to be about 1 g/cm 3 [60]. If we assume that the
micelles form a dense layer after deposition and drying, the average water volume fraction is
approximated to be 20%. 𝑀𝑊𝑀 is defined as the resin mass per mole of micelles and is estimated
by the following equation:
4

(5-34)

3
𝑀𝑊𝑀 = 𝜌𝑀 3 𝜋𝑅𝑀
𝑁𝐴𝑣𝑜

where 𝜌𝑀 is the micelle density, 𝑅𝑀 is the actual micelle radius, and 𝑁𝐴𝑣𝑜 is Avogadro’s number.
The micelle density is estimated from the resin density (𝜌𝑅𝑒𝑠𝑖𝑛 ), water density, and volume
fractions of the resin and water in the micelle.
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If the hydrodynamic micelle size is used to estimate the aggregation number, this parameter
would be overestimated because the hydrodynamic micelle size includes the double layer [61].
Therefore, the actual micelle size was measured by diluting the E-coat dispersion in a 10 mM
sodium chloride solution. This will suppress the double layer and the measured size will more
closely approximate the actual micelle size [61,62]. The actual and hydrodynamic micelle size
distributions and the volume-weighted averages are shown in Figure 5-6.
As shown Figure 5-6, there is a micelle size distribution. To calculate the exact micelle
flux, a separate material balance equation should be written for each micelle size. This will result
in a more complicated set of equations. Instead, an average micelle size was used for
simplification. Using an average size rather than the size distribution will cause some error in the
micelle flux toward the surface. To minimize this error, an appropriate average micelle size should
be used. A large number of small micelles only accounts for a small fraction of the total volume
of micelles. Therefore, when the deposit is formed the smaller micelles form only a small fraction
of the deposit. The contribution of each micelle to the formation of the deposit is better represented
3
by their volume fraction. The micelle charge is proportional to the micelle size cubed (𝑅𝑀
) and the
3
micelle concentration is proportional to the reciprocal of the micelle size cubed (1/𝑅𝑀
). The

micelle mobility is also proportional to the reciprocal of the micelle size. Therefore, the micelle
flux toward the surface would be overestimated if the number fraction was used rather than the
volume fraction to estimate the unknown parameters. Hence, it is best to use the volume fraction
to estimate the average micelle size.
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Figure 5-6. The hydrodynamic and actual micelle size measured by DLS.

Counterion Binding Fraction
As mentioned in Section 5.4, a fraction of micelle charge is shielded by the counterions
that move with the micelle. To determine the effective micelle charge, the counterion binding
fraction needs to be estimated. The dispersion conductivity, as determined by AC measurements,
was used to estimate the counterion binding fraction.
Current is carried by the micelles, counterions, hydroxide and hydrogen ions in the E-coat
dispersion. The current density in the E-coat dispersion as a function of counterion binding fraction
(𝛽) is given by:
2

𝑖 = 𝐹 ∑𝑖 𝑧𝑖 𝑁𝑖 = −𝐹 2 [((1 − 𝛽)𝑧𝑀 ) 𝑢𝑀 𝐶𝑀 + 𝑧𝐻2 𝑁𝑆𝑂3 − 2 𝑢𝐻2 𝑁𝑆𝑂3 − ((1 − 𝛽)𝐶𝐻2 𝑁𝑆𝑂3 − ) +
𝑧𝑂𝐻− 2 𝑢𝑂𝐻 − 𝐶𝑂𝐻− + 𝑧𝐻+ 2 𝑢𝐻+ 𝐶𝐻+ ] 𝛻𝜙 + 𝐹v (𝑧𝐻2 𝑁𝑆𝑂3 − (1 − 𝛽)𝐶𝐻2 𝑁𝑆𝑂3 − + 𝑧𝑂𝐻 − 𝐶𝑂𝐻− + 𝑧𝐻+ 𝐶𝐻+ )
(5-35)
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where v is the aqueous phase velocity, which is essentially zero in the AC measurements. The
dispersion conductivity can be estimated by comparing Eq.

(5-35) and a form of the

Ohm’s law equation (𝑖 = −𝜅∇𝜙). Therefore, the E-coat dispersion conductivity will be given by:
𝜅 = −𝐹 2 [((1 − 𝛽)𝑧𝑀 )2 𝑢𝑀 𝐶𝑀 + 𝑧𝐻2 𝑁𝑆𝑂3 − 2 𝑢𝐻2 𝑁𝑆𝑂3 − ((1 − 𝛽)𝐶𝐻2 𝑁𝑆𝑂3 − ) +
(5-36)

𝑧𝑂𝐻− 2 𝑢𝑂𝐻 − 𝐶𝑂𝐻− + 𝑧𝐻+ 2 𝑢𝐻+ 𝐶𝐻+ −]

Using a measured conductivity of 0.16 S/m, 𝛽 was determined to be 0.75. The model
parameters are summarized in Table 5-3.
Table 5-3. Model Parameters.
Parameter
𝐶𝐻2 𝑁𝑆𝑂3 − ,𝐵𝑢𝑙𝑘
𝐶𝑀,𝐵𝑢𝑙𝑘
𝐶𝑁𝑅2 −𝑅2 𝑁,𝐵𝑢𝑙𝑘
𝐷𝑀,0
𝐷𝑁𝐵𝑢𝑙𝑘
𝜅
𝑁𝐴𝑔𝑔
𝑀𝑊𝑅
𝜌𝑀
𝜌𝑅𝑒𝑠𝑖𝑛
𝑅𝐻
𝑅𝑀
𝑢𝐻2𝑁𝑆𝑂3 − ,0
𝑢𝑀,0
𝜇𝐷
𝜇0
𝑧𝐶𝐻 𝑁𝑆𝑂 −
2

5.6

3

Value
41.5 (𝑚𝑜𝑙/𝑚3 )
1.37 × 10−3 (𝑚𝑜𝑙/𝑚3 )
31.90 (𝑚𝑜𝑙/𝑚3 )
7.8 × 10−12 (𝑚2 /𝑠)
0.65
0.16 (𝑆/𝑚)
18600
2350 (g/mole of epoxy amine)
1160 (𝐾𝑔/𝑚3 )
1200 (𝐾𝑔/𝑚3 )
36.6 × 10−9 (𝑚)
33.0 × 10−9 (𝑚)
5.22 × 10−13 (𝑚2 𝑚𝑜𝑙/𝐶 2 )
3.08 × 10−15 (𝑚2 𝑚𝑜𝑙/𝐶 2 )
9.12 × 10−3 (𝐾𝑔/𝑚. 𝑠)
7.8 × 10−4 (𝐾𝑔/𝑚. 𝑠)
−1

Source
Measured
Estimated
Measured
Estimated
Known
Measured
Estimated
Measured
Estimated
Estimated
Measured
Measured
Ref. [63]
Estimated
Measured
Ref. [46]
Ref. [63]

Solution Method
The governing equations with the initial and boundary conditions were solved with

COMSOL Multiphysics 5.3. The coefficient form PDE interface was used to define the equations.
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The Backward Differentiation Formula (BDF) solver, which is an implicit solver, was used for the
time stepping method. The time steps were chosen freely by the solver for a faster convergence
and the solution was recorded every 0.01 s. The tolerance factor was set to 10 -6. To run the
simulation, we needed to increase the current density over a very short amount of time. For
example, to run the simulation for the current density of 10A/m2, we first needed to run the
simulation for 0.001, 0.02, and 0.04 s at current densities of 0.1, 0.5, and 2 A/m 2, respectively.
Calculations were performed for a series of mesh sizes and the simulation lengths (L) to determine
the values that were small enough to not influence the simulation results. For current density of 10
A/m2, it was found that a mesh size of smaller or equal to 2 µm and value of L greater than 500
µm were sufficient (see Appendix B.3).

5.7

Fitting of the Amine Equilibrium Constant
In this section, the impact of deprotonation of amine groups on the accumulation of

micelles will be discussed. To do so, all the governing equations are solved simultaneously, and
the modeled delay before deposition is fit to the measured value at a single current density (10
A/m2). Deposition occurs when the repulsive force is overcome by increasing the attractive force
between the micelles due to increasing the accumulation of micelles. Since the attractive force
between the micelles is a very short-range force, the attractive force between them becomes
dominant when micelles are so close that the organic phase volume fraction reaches the maximum
volume fraction of packed particles. The maximum volume fraction of randomly packed spherical
particles with a log-normal size distribution is about 0.64 [64,65]. Therefore, the micelles will
deposit at the surface when the organic phase volume fraction reaches 0.64.
The organic phase volume fraction should reach 0.64 at 70% of the induction time, which
is when appreciable deposition begins. Estimation of all the important model parameters except
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the amine dissociation constant has been discussed in Section 5.4. The amine dissociation constant
at the micelle surface is not well-known. The accumulation rate of micelles depends on the micelle
charge, and the micelle charge depends on the amine dissociation constant (pKa) at the micelle
surface. Therefore, the accumulation rate of micelles should be adjusted by adjusting the amine
pKa until the organic phase volume fraction reaches 0.64 at 70% of the induction time ().
The amine dissociation reaction and equilibrium constant are given by the following
equations:
−𝑅2 𝑁𝐻 + ↔ −𝑅2 𝑁 + 𝐻 +

(5-37)

𝐾𝑎 = 𝐶−𝑅2 𝑁 𝐶𝐻+ /𝐶−𝑅2 𝑁𝐻+

(5-38)

Since Eq. (5-37) is the sum of Eq. (5-4) and Eq. (5-5), the amine dissociation constant is
related to the deprotonation equilibrium constant (Eq. (5-20)) in the model by the following
equation:
(5-39)

𝐾𝑎 = 𝐾𝐷 𝐾𝑊𝑎𝑡𝑒𝑟
The above equation can be also written as follows:

(5-40)

𝑝𝐾𝐷 = 𝑝𝐾𝑎 − 𝑝𝐾𝑊𝑎𝑡𝑒𝑟

Note that the unit of concentrations to calculate the pK a in the literature is usually mol/l
while the unit of concentration in the model is mol/m 3.
When the model is solved with the dissociation constant of 10, which is the dissociation
constant of the free amine in water, the organic phase volume fraction increases to 0.64
significantly before the measured delay before deposition (see Figure 5-7). The predicted delay
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will fit the measured value if the organic phase volume fraction reaches 0.64 at 70% of the
measured induction time (𝑡/0 = 0.7).
As shown in Figure 5-7, the accumulation rate of micelles decreases when the dissociation
constant of amines is decreased. This can be explained by the impact of the deprotonation reaction
on the micelle flux. The current near the surface is carried by the hydroxide ions, the micelles, and
the counterions. For example, with a pKa of 10, a significant fraction of the hydroxide ions are
immediately consumed due to the deprotonation reaction. When the hydroxide ions are consumed,
the fraction of current that is carried by them decreases near the surface. Therefore, the current that
is carried by the micelles and the counterions must increase. Consequently, the micelle
concentration immediately increases at the surface. This is why faster consumption of the
hydroxide ions results in more rapid accumulation of micelles.
Note that the fitted pKa value is based on the organic phase volume fraction of 0.64. The
fitted pKa will increase or decrease if the actual organic volume fraction at 70% of the induction
time is lower or higher than 0.64, respectively. However, based on the literature [64,65], for the
micelle size distribution in the E-coat dispersion, 0.64 is likely the most realistic representation of
the organic phase volume fraction at 70% of the induction time.
Figure 5-7 shows the micelle concentration as a function of time for several values of pK a
at a current density of 10 A/m2. As shown in the figure, the organic phase volume fraction for a
pKa of 12.42 increases to 0.64 at 70% of the induction time (𝑡/0 = 0.7). Therefore, the fitted pKa
of the amine at the micelle surface is greater than the pK a of free amine in water by more than two
units. An increase in the pKa at the micelle surface is consistent with the literature. However, the
changes reported in the literature are smaller, but pertain to different chemical systems [66,67].
The model with this fitted amine equilibrium dissociation constant can be evaluated by predicting
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the delay before deposit initiation at other conditions. Note that only one data point (the measured
delay at current density of 10 A/m2) was used to fit the model.

Figure 5-7. The micelle concentration and the organic phase volume fraction as a function of
normalized time for several pKa values; 0 = 17.2 s at a current density of 10 A/m2.
5.8

Model Evaluation at Different Conditions
In this section, the model is evaluated with experimental data at different current densities

and bulk concentrations.

5.8.1 Impact of Current Density on the Deposition Onset
Understanding the early stages of deposition in low current density areas of an autobody is
the objective of this research. To evaluate the model, the delay before deposition will be predicted
at different current densities.
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Figure 5-8. The micelle concentration and the organic phase volume fraction as a function of
normalized time at different current densities; 0 = 17.2 s at a current density of 10 A/m2.

In the previous section, the model was fit to the data at current density on 10 A/m 2. Figure
5-8 shows the organic phase volume fraction as a function of normalized time (𝑡/0 ) at current
densities of 7, 10, and 13 A/m2. Current density in the dispersion is carried by the micelles and
counterions. The micelle flux toward the surface decreases with decreasing current density.
Therefore, the required time for the organic phase volume fraction to reach 0.64 is expected to
increase at lower current densities. Figure 5-9 shows that the predicted delay for a wide range of
current densities agreed with the experimental data.
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Figure 5-9. The predicted and measured delay before deposit initiation at different current
densities; all parameters except current density are constant; pK a = 12.42, 0 = 17.2 s at a current
density of 10 A/m2.

In this study, the delay before the deposit initiation was attributed to the accumulation of
micelles. Figure 5-10 shows that the delay before deposit initiation for a wide range of data changes
linearly with the reciprocal of the current density squared, consistent with the literature [9,16].
This relationship can be explained by the micelle flux toward the surface. Initially the micelle
migration flux from the bulk toward the surface is proportional to the current density. As shown
in Figure 5-8, the rate of micelle accumulation decreases with time. Decreasing the micelle
accumulation rate can be attributed to decreasing the potential gradient near the surface. The
potential gradient near the surface decreases faster with time at higher current densities. This will
result in the nonlinear relationship between the time and current density.
The potential gradient at different locations near the surface was probed by the model. For
example, Figure 5-11 shows the potential gradients at a distance of 10 µm from the surface for two
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current densities of 5 and 10 A/m2. To compare the change in the potential gradient with time, the
potential gradients are normalized to the initial potential gradient of 51 V/m at current density of
10 A/m2. As shown in the figure, the starting potential gradient for current density of 10 A/m 2 is
twice of the starting potential gradient for current density of 5 A/m2. However, after the initial
decrease in the potential gradient, the potential gradient for current density of 10 A/m 2 is about 34 times greater than the potential gradient for current density of 5 A/m 2. The ratio of the potential
gradients after the initial decrease, approaches 4 toward the surface and approaches 2 in the
dispersion. Therefore, the micelle flux close to the surface is also expected to be about four times
greater when the current density is doubled. The nonlinear changes in the micelle flux due to the
nonlinear changes in the potential gradient will result in the linear relationship between time and
the reciprocal of current density squared.

Figure 5-10. The normalized delay before deposit initiation versus the reciprocal of current
density squared; 0 = 17.2 s at a current density of 10 A/m2.

94

Figure 5-11. The normalized potential gradient at x = 10 µm as a function of normalized time;
the potential gradients are normalized to the initial potential gradients of about 51 V/m at current
densities of 10 A/m2.

5.8.2 Impact of Concentration on the Deposition Onset
The presented model was also able to predict the delay before deposit initiation at different
values of the bulk concentration. Figure 5-12 shows the organic phase volume fraction as a
function of time at different bulk concentrations. The required time to reach the organic phase
volume fraction of 0.64 increases at lower bulk concentrations because the organic phase volume
fraction starts from a lower value. Figure 5-13 shows that the predicted delay agreed with the
experimental data. None of the model parameters, including pKa, were altered when solving the
model for different bulk micelle concentrations.
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Figure 5-12. The micelle concentration and the organic phase volume fraction as a function of
normalized time at different bulk concentrations; 0 = 17.2 s at a current density of 10 A/m2.

Figure 5-13. The delay before deposit initiation as a function of the bulk concentration; 0 = 17.2
s at a current density of 10 A/m2.
5.9

Changes in the Surface Layer
In this section, the modeling results will be discussed to understand the changes near the

surface that led to the deposit initiation. Figure 5-14a shows that the micelle or organic phase
96

volume fraction increases with time. As shown in Figure 5-14b, the fraction of protonated amines
decreases with time because the protonated amines react with the hydroxide ions at the micelle
surface. As shown in Figure 5-14c, the hydroxide ion concentration increases with time, despite
the deprotonation reaction. Increasing the hydroxide ion concentration will result in the
consumption of hydrogen ions. Therefore, the pH at the surface increases with time (see Figure
5-14d).
The fraction of current that is carried by each species can also be investigated by the model.
As shown in Figure 5-15, about 85% of current is carried by the micelles and the remaining is
carried by the counterions. These fractions decrease toward the surface since the micelles and
counterions do not react electrochemically at the surface. On the other hand, the hydroxide and
hydrogen ions do not carry any current in the bulk since the dispersion pH is close to a neutral.
Since the hydroxide ion generation is the main reaction at the surface, all the current is carried by
the hydroxide ions. The fraction of current that is carried by the hydroxide ions decreases with the
hydroxide ion concentration toward the bulk.
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Figure 5-14. Changes near the cathode surface at 0.25 0, 0.50 0, and 0.7 0 at a current density
of 10 A/m2; 0 = 17.2 s.

Figure 5-15. Fraction of current carried by each species as a function of distance from the surface
at 0; 0 = 17.2 s at a current density of 10 A/m2
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In Chapter 4, it was shown that the surface layer mass increased linearly with time due to
the accumulation of micelles. The accumulated moles of micelles in the surface layer can be
calculated by integrating the micelle concentration in Figure 5-14a (∫(𝐶𝑀 − 𝐶𝑀0 )𝑑𝑥). In other
words, the surface area between the micelle concentration profile and 𝐶𝑀 = 𝐶𝑀0 represents the
accumulated moles of micelles.
Figure 5-16 shows that the accumulated moles of micelles due to migration near the surface
also increases linearly with time. In Chapter 4, it was also shown that the surface layer mass
increased to about 5 mg/cm2 at 70% of the induction time. The surface layer at 70% of the
induction time consist of up to 64% micelles (density of 1.16 g/cm3) and 36% water (density of 1
g/cm3). Therefore, the approximate density of the surface layer is calculated to be 1.1 g/cm3. Using
this approximate density, the surface layer thickness is estimated to be about 45 µm (ℎ =

𝑚𝑎𝑠𝑠
𝐴𝑟𝑒𝑎.𝜌

).

This rough estimation of thickness is consistent with the modeling results which predicts that about
75% of the accumulated micelles are within the distance of 45 µm from the surface (see Figure
5-14).

Figure 5-16. The accumulated moles of micelles near the surface as a function of normalized
time; 0 = 17.2 s at a current density of 10 A/m2.
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5.10 Conclusions
In Chapter 4, it was shown that the formation of a surface layer, which was attributed to
the accumulation of micelles at the surface, was critical to the deposit initiation. Therefore, a
mathematical model of physical processes near the surface was developed to investigate the impact
of micelle accumulation on the deposit initiation. The model was evaluated with experimental data
at different conditions. The predicted delay agreed with data at different current densities and bulk
concentrations. It was shown that the delay before deposit initiation changed linearly with the
reciprocal of the current density, consistent with the literature. This relationship was explained by
the nonlinear change in the potential gradient near the surface. The modeling results showed that
the accumulated moles of micelles near the surface increased linearly with time. It was also shown
that most of the changes near the surface occur within the approximate thickness of the surface
layer. These results were consistent with the experimental observations in Chapter 4. The
developed model helped us to understand the initial stages of the deposition and provides insights
for improving simulation of E-coat deposition in large-scale systems.
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6

CONCLUSIONS AND FUTURE WORK

During electrocoating of an auto body, a delay is observed before the onset of deposition
in recessed areas. The observed delay may result in the formation of an incomplete or inadequate
coating layer in recessed areas, or excessive coating of exterior areas while the desired coverage
in recessed areas is achieved. Simulation of the E-coat process can be used during the design phase
to identify the conditions under which coating coverage in the recessed and exterior areas of an
auto body is optimized. The lack of a predictive model for the deposition onset in recessed areas
suggests that the physical processes that are responsible for the observed delay are not well
understood. The delay before the onset of deposition is influenced by properties of the E-coat
dispersion and the type of substrate. Changes in the solution adjacent to the surface such as species
accumulation were investigated and modeled to improve understanding of the delay before the
onset of deposition. Also, the impact of the surface characteristics on the deposit initiation was
experimentally investigated. The results of experiments and models are discussed in detail in the
previous chapters. This chapter presents conclusions from the previous chapters and future work.

6.1

Surface Impact on Deposition Onset
The delay before the deposit initiation has been attributed to the time required for the

accumulation of hydroxide ions at the surface [1,13,14]. However, the observation of different
induction times on different types of substrates at the same current density showed that the delay
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before the onset of deposition cannot be solely explained by the changes in the solution adjacent
to the surface. Therefore, understanding the impact of a surface on the deposit initiation helps to
determine the physical solution-based processes such as the transport of species and the reactions
between them that occur in the solution adjacent to the surface.
Experiments were performed to investigate the impact of the surface on the induction time.
The formation of ring-shaped coatings on galvanized steel suggested that the deposition began at
areas of high local current density around hydrogen bubbles that adhere to the surface. Additional
experiments performed on intentionally scratched galvanized steel and bare steel substrates
showed that deposit formation began inside the scratches on galvanized steel. The scratches on
galvanized steel removed the zinc layer and exposed the underlying bare steel. Since the hydrogen
evolution kinetics for the steel layer are known to be much faster than those on zinc, the current
density on bare steel inside the scratches would have been much higher than on the surrounding
zinc. That is why the formation of the deposit began inside the scratches on galvanized steel. In
contrast, the initial deposition was formed around the scratches on bare steel. Therefore, it was
supported that the initial deposition preferentially began at areas where the local current density
was higher.
Further experiments were performed to understand the impact of the surface on the
induction time. The bubble concentration on galvanized steel was significantly higher than on bare
steel when the bubble formation was examined in a clear sulfamate solution by an in situ camera.
Bubble stability on galvanized steel and bare steel in the E-coat dispersion was qualitatively similar
to that observed in the sulfamate solution. Therefore, the observation of about 40% shorter
induction time for galvanized steel compared to bare steel was attributed to the higher local current
density on the substrate surface due to the higher bubble concentration.
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The surface characteristics such as bubble adhesion impact deposit formation by increasing
the local current density. This is a significant finding that has not been studied before in the
literature. Investigation of the surface effects improved our understanding of deposit initiation and
explained the observation of different induction times on different substrates. This investigation
can help the development of the E-coat models on different types of substrates.

6.2

Investigation of Solution-Based Processes
Experiments focused on the impact of solution-based processes, which occur in the solution

adjacent to the surface, on the delay before the deposit initiation. The results of experiments on
bare steel showed that appreciable deposition began at about 70% of the induction time. The results
of interruption experiments showed that the induction time started over when current was
interrupted before 70% of the induction time and the substrate was rinsed with water. This
indicated that the solution-based processes were responsible for the observed delay since the onset
of deposition was not strongly influenced by the adhesion of bubbles to the bare steel surface.
The delay before the onset of deposition has been attributed to the time required for the
accumulation of hydroxide ions at the surface [1,13,14]. Convection was used as a tool to
investigate the impact of the accumulation of hydroxide ions on the deposit initiation. The results
of the rotating disk electrode (RDE) experiments and the simulation of hydroxide ion concentration
at the surface showed that the observed delay before the onset of deposition was not due to the
time required for the accumulation of hydroxide ions at the surface. This significant conclusion
differs from the literature.
Additional experiments on bare steel focused more on understanding the solution-based
processes that lead to the formation of the initial deposit since the onset of deposition was not
strongly influenced by the adhesion of bubbles to the bare steel surface. The results of experiments
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on bare steel indicated that a removable layer was formed at the surface and grew linearly with
time. When the surface layer was removed by rinsing the substrate during the interruption
experiments, the deposition process started over after the interruption. In contrast, the deposition
process was not affected by an interruption of current when the surface layer was not disrupted in
the dispersion. Further experiments investigated the stability of the surface layer showed that the
surface layer was not an agglomerated deposit on the surface. The surface layer was most likely
due to the migration and the accumulation of micelles at the surface. Although the formation of a
compact region similar to the surface layer was mentioned in the literature [23,24], such a layer
hasn’t been experimentally investigated before. The results of experiments showed that the
formation of the surface layer due to the accumulation of micelles was critical to the deposit
initiation and needed further investigation.

6.3

Mathematical Modeling of the Solution-Based Processes
To investigate the solution-based processes that lead to the deposit initiation, a

mathematical model was developed. The results of experiments on bare steel showed that the
formation of the surface layer was critical for the deposit initiation. Therefore, solution-based
processes, such as the transport and the accumulation of species, and the reactions between them,
were modeled to understand the delay before the deposit initiation. Such a model describes the
impact of micelle accumulation and hydroxide ion reaction on the onset of deposition is an original
contribution to the literature.
The modeling results showed that the micelle concentration increased with time. It was
assumed that the micelles become unstable and deposit at the surface when the organic phase
volume fraction increases at the surface. Centrifuge experiments were performed to show that
decreasing the micelle charge is not required for the micelles to become unstable. The results
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showed that the micelles settled out of the dispersion and deposited at the end of the centrifuge
tube. Therefore, in contrast to the literature [23], it was concluded that decreasing the micelle
charge is not required for the micelles to become unstable. However, the deposit or sediment
properties might be different than the deposit layer properties during electrocoating since the
micelles did not become deprotonated by the hydroxide ions.
As expected for amine deprotonation reactions, the reaction of hydroxide ions with the
micelles was assumed to be fast and in equilibrium,. The results of the model in this study show
that the equilibrium constant influences the accumulation rate of micelles since the micelle charge
depends on the equilibrium constant. The model was evaluated at different conditions. The model
agreed with data at different bulk concentrations and a wide range of current densities, verifying
that the delay before the deposit initiation is attributed to the time required for the micelles to
accumulate at the surface. Knowing that the accumulation of micelles determines the observed
delay in the initial stages of deposition can provide insights for improving simulation of E-coat
deposition in large-scale systems.

6.4

Future Work

6.4.1 A Comprehensive Model of the Onset of Deposition
The model developed in this work predicts the onset of deposition for substrates that are
not strongly influenced by surface effects. Processes on the surface such as adhesion of bubbles
will result in increasing the local current density on the surface. Increasing the local current density
also influences the processes in the solution adjacent to the surface. Since adhesion of bubbles to
the surface depends on the type of substrate, the solution-based processes such as the micelle
migration rate also depend on the type of substrate. Consequently, the onset of deposition depends
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on the type of substrate. Therefore, a comprehensive model of the surface effects and the solutionbased processes is needed to predict the onset of deposition on different types of substrates. Future
work can include the addition of surface effects to the model developed in this work.

6.4.2 Film Resistivity
The film thickness after the induction time as a function of current density and time needs
to be modeled to simulate the coating coverage in large-scale systems. To model the film thickness,
the film resistivity needs to be modeled first, because the film resistivity determines the current
density and the deposition rate after the induction time. The film resistivity may depend on the
type of substrate since the bubble adhesion to the surface depends on the substrate type. Convection
also can impact the film resistivity since it can remove the bubbles from the surface and result in
the formation of a smoother film [42]. Passing current through the resistive film may also generate
some heat and impact the film resistivity. Understanding the impact of parameters such as the film
temperature, convection, and the substrate type can help us to accurately model the current
distribution in large-scale systems.

6.4.3 Modeling of the Film Thickness After the Onset of Deposition
The developed mathematical model in this study explained the observed delay before the
deposit initiation. The next step in the development of a comprehensive model, after the induction
time and the film resistivity have been included, is the modeling of the film thickness after the
induction time. The film thickness can be predicted by modeling the process of micelle deposition
at the surface and the deposition rate after the onset of deposition.
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6.4.4 Modeling of the E-coat Deposition with Convection
In commercial baths, movement of the autobody and the circulation of the E-coat
dispersion causes convection. Convection impacts the onset of deposition since it can remove
bubbles from the surface and decrease the accumulation rate of micelles. This will also influence
the film resistivity and the deposition rate. Including convection in a comprehensive model would
improve the accuracy of large-scale simulations.

6.4.5 Industrial Application of the Model
Finally, once a comprehensive model is developed, the model needs to be applied to largescale systems. A fully detailed model of processes before and after the deposit initiation is
computationally expensive to be used for large-scale systems. Such a model will include the
solution-based processes, the surface effects, convection, and the film resistivity. However, this
model can improve the accuracy of the existing empirical commercial models to finally resolve
the issue with the inadequate coating coverage in the recessed areas of auto bodies.

6.4.6 Investigation of the Amine Dissociation Constant at the Micelle Surface
It was assumed in the model that the amine deprotonation reaction was an equilibrium
reaction. The model indicated the amine equilibrium constant impacted the accumulation rate of
micelles. The model was fit to data with an amine pKa that was greater than the pKa of the free
amine in water. The fitted pKa in the model was not validated experimentally. Experimental
investigation of the amine pKa at the micelle surface can validate the impact of the surface amine
groups on the amine pKa value and provide insights for similar future studies.

107

7

REFERENCES

[1]

Brüggemann, M., and Rach, A., 2020, Electrocoat, Vincentz Network, Hannover.

[2]

Streitberger, H.-J., and Dössel, K. F., 2008, Automotive Paints and Coatings, WILEY-VCH,
Weinheim, Germany.

[3]

Ellwood, K., Tardiff, J. L., Gray, L. J., Gaffney, P., Braslaw, J., Moldekleiv, K., and
Halvorsen, A., 2009, “Development of a Full Vehicle Electrocoat Paint Simulation Tool,”
SAE Int. J. Mater. Manuf., 2(1), pp. 234–240.

[4]

Baynham, J. M. W., Adey, R., Murugaian, V., and Williams, D., 2007, “Simulating ElectroCoating of Automotive Body Parts Using BEM,” WIT Trans. Eng. Sci., 54, pp. 89–99.

[5]

Krylova, I., 2001, “Painting by Electrodeposition on the Eve of the 21st Century,” Prog.
Org. Coat., 42, pp. 119–131.

[6]

Pfluger, F., and Wechsler, K., 2013, “Calibration and Simulation of the Automotive E-Coat
Dipping Process in STAR-CCM+ (V8.02),” Presented at Star Global Conference, Orlando.

[7]

Klaus Wechsler, F. P., 2014, Further Development of E-Coat Modelling and Simulation for
Advanced Materials.

[8]

Pfluger, F., and Wechsler, K., 2014, “Virtual Manufacturing Empowers Digital Product
Development Case Study E-Coat Simulation,” Presented at Star Global ConferenceStar
Global Conference, Vienna.

[9]

Pierce, P., 1981, “The Physical Chemistry of the Cathodic Electrodeposition Process,” J.
Coatings Technol., 53, pp. 52–67.

[10] Sohn, D., Jung, H., Ahn, S., Kim, B., Kim, J., and Choi, B., 2016, “Introduction of Computer
Simulation for BIW Electrocoating Process,” Corros. Sci. Technol., 15(2), pp. 78–83.
[11] Wechsler, K., 2013, “From CAD Data to E-Coat Thickness: Learn the Special Knowledge
to Do It with STAR-CCM+,” Presented at Star Global Conference, Orlando.
[12] Horvat, L., and Tonković, Z., 2014, “Optimization of E-Coating Simulations in Automotive
Painting Processes,” University of Zagreb.
108

[13] Phuong, N. Van, and Moon, S., 2017, “Effects of Surface Pretreatment on Deposition and
Adhesion of Electrophoretic Paint on AZ31 Mg Alloy,” Korean Inst. Surf. Eng., 50(2), pp.
72–84.
[14] Van Phuong, N., and Moon, S., 2015, “Deposition and Characterization of E-Paint on
Magnesium Alloys,” Prog. Org. Coatings, 89, pp. 91–99.
[15] Ranjbar, Z., and Moradian, S., 2005, “Influence of Substrate on the Cathodic
Electrodeposition Behavior of Waterborne Epoxy Resins,” Prog. Org. Coatings, 54(4), pp.
292–295.
[16] Beck, F., 1976, “Fundamental Aspects of Electrodeposition of Paint,” Prog. Org. Coatings,
4, pp. 1–60.
[17] Beck, F., 1988, “Electrodeposition of Polymer Coatings,” Electrochim. Acta, 33(7), pp.
839–850.
[18] Mišković, V. B., and Maksimović, M. D., 1985, “The Kinetics of Organic Film Growth
during the Cathodic Electrodeposition Process,” Surf. Technol., 26(4), pp. 353–360.
[19] Maksimović, M. D., Mišković-Stanković, V. B., and Krstajić, N. V., 1986, “The Effect of
Applied Voltage on the Cathodic Electrodeposition Process,” Surf. Coatings Technol.,
27(1), pp. 89–94.
[20] Mišković-Stanković, V. B., and Maksimović, M. D., 1988, “The Effect of Concentration on
the Cathodic Electrodeposition Process,” Prog. Org. Coatings, 16(3), pp. 255–263.
[21] Suzuki, Y.-I., Fukui, H., Tsuchiya, K., and Ogata, Y. H., 2000, “Initiation Process of Film
Formation for Cationic Eletropaint System,” J. Electrochem. Soc., 147, pp. 3700–3707.
[22] Suzuki, Y.-I., Fukui, H., Tsuchiya, K., Arita, S., and Ogata, Y. H., 2001, “Film Formation
from Cationic Electropaint Systems Containing Resins with Different Glass Transition
Temperature,” Prog. Org. Coatings, 42, pp. 209–217.
[23] Vatistas, N., 1998, “Initial Mechanisms of the Electrocoating Process,” Ind. Eng. Chem.
Res., 37(3), pp. 944–951.
[24] Vatistas, N., and Marcetic, N., 2000, “Coagulation-Mixing and Mixing-Migration
Mechanisms of the Electrocoating Process,” Prog. Org. Coatings, 38(2), pp. 127–131.
[25] Pletcher, D., and Walsh, F. C., 1990, Industrial Electrochemistry, Chapman and Hall,
London.
[26] Stoye, D., and Freitag, W., 1998, Paints, Coatings and Solvents, WILEY-VCH.
[27] Yang, C.-P., and Ting, C.-Y., 1993, “Preparation of Quaternary Ammonium Resin by
109

Epoxy Resin and Tertiary Amine and Its Electrodeposition Properties,” J. Appl. Polym. Sci.,
49, pp. 1019–1029.
[28] Ranjbar, Z., and Moradian, S., 2003, “Characteristics and Deposition Behavior of EpoxyAmine Adducts in Cathodic Electrodeposition as a Function of the Degree of
Neutralization,” Colloids Surfaces A Physicochem. Eng. Asp., 219(1–3), pp. 147–159.
[29] Vatistas, N., 1998, “A New Electrocoating Technique to Avoid Cratering and Increase
Voltage Rupture,” Process Org. Coat., 33, pp. 14–19.
[30] Yang, C.-P., and Ting, C.-Y., 1992, “Electrodeposition Properties of Self-Crosslinking
Epoxy-Amine Cationic Resin Modified by Polycaprolactone Diol,” J. Appl. Polym. Sci.,
46, pp. 891–898.
[31] Wicks, Z. W., Jones, F. N., Pappas, S. P., and Wicks, D. A., 2007, Electrodeposition
Coating, John Wiley & Sons, Inc.
[32] Micutz, M., and Leca, M., 1998, “Kinetics of Dispersion of Cataphoretic Resins as a
Function of the Degree of Neutralization,” Process Org. Coat., 33, pp. 149–152.
[33] Suzuki, Y., Fukui, H., Tsuchiya, K., Arita, S., and Ogata, Y. H., 2003, “Effects of Resin
Blend and Solvent on Film Formation Mechanism of Cationic Electropaint System,” J.
Electrochem. Soc., 150, pp. C251--C259.
[34] Ranjbar, Z., and Moradian, S., 2004, “The Effect of Molecular Weight of Epoxy Resin on
the Deposition Behaviour of Water-Borne Epoxy-Amine Adducts,” Iran. Polym. J., 3(1),
pp. 69–75.
[35] Boyd, D. W., and Zwack, R. R., 1996, “Predicting Electrocoat Efficiency: A Simple DataBased Model for Predicting Electrocoat Usage,” Prog. Org. Coatings, 27, pp. 25–32.
[36] Miskovic-Stankovic, V. B., 2002, “The Mechanism of Cathodic Electrodeposition of Epoxy
Coatings and the Corrosion Behaviour of the Electrodeposited Coatings - Review,” J.
Serbian Chem. Soc., 67, pp. 305–324.
[37] Rastegar, S., and Ranjbar, Z., 2008, “A Generalized Model for the Film Growth during the
Constant Voltage Electro-Deposition of Resin Dispersions,” Colloids Surfaces A, pp. 17–
22.
[38] Brewer, G. E. F., 1976, Electrodeposition of Coating, American Chemical Society,
Washington, DC.
[39] Fuller, T. F., and Harb, J. N., 2018, Electrochemical Engineering, John Wiley & Sons,
Hoboken, Hoboken, NJ.
[40] Vogt, H., 2012, “The Actual Current Density of Gas-Evolving Electrodes — Notes on the
110

Bubble Coverage,” Electrochim. Acta, 78, pp. 183–187.
[41] Vogt, H., 2017, “The Quantities Affecting the Bubble Coverage of Gas-Evolving
Electrodes,” Electrochim. Acta, 235, pp. 495–499.
[42] Marlar, T., Trainor, A., Liu, W., Ellwood, K., Okerberg, B., Padash, F., and Harb, J. N.,
2020, “Effect of Convection on Initial Deposition during Electrocoating of Galvanized
Steel,” J. Electrochem. Soc., 167(10).
[43] Vazquez-arenas, J., 2010, “Experimental and Modeling Analysis of the Formation of
Cuprous Intermediate Species Formed during the Copper Deposition on a Rotating Disk
Electrode,” Electrochim. Acta, 55(10), pp. 3550–3559.
[44] Cussler, E., 1997, Diffusion: Mass Transfer in Fluid Systems, Cambridge University Press,
Cambridge, UK.
[45] Karl, G., Wiberg, H., and Arenz, M., 2015, “On the in Fluence of Hydronium and Hydroxide
Ion Diffusion on the Hydrogen and Oxygen Evolution Reactions in Aqueous Media,”
Electrochim. Acta, 158, pp. 13–17.
[46] You, A., Be, M. A. Y., and In, I., 1978, “Viscosity of Liquid Water in the Range −8°C to
150°C,” J. Phys. Chem. Ref. Data, 7, pp. 941–948.
[47] Padash, F., Dorff, B., Liu, W., Ellwood, K., Okerberg, B., Zawacky, S. R., and Harb, J. N.,
2019, “Characterization of Initial Film Formation during Cathodic Electrodeposition of
Coatings,” Prog. Org. Coatings, 133(January), pp. 395–405.
[48] Menachem Gutman Eli Gershon, Rina Giniger, E. N., 1983, “Kinetic Analysis of the
Protonation of a Surface Group of a Macromolecule,” FEBS J., 134, pp. 63–69.
[49] Lee, E., 2019, Electrophoresis of a Single Rigid Particle.
[50] Khair, A. S., 2018, “Strong Deformation of the Thick Electric Double Layer around a
Charged Particle during Sedimentation or Electrophoresis,” Langmuir, 34(3), pp. 876–885.
[51] Kalinina, E. G., Yu, E., Russ, P., Rev, C., Kalinina, E. G., and Pikalova, Y., 2019, “New
Trends in the Development of Electrophoretic Deposition Method in the Solid Oxide Fuel
Cell Technology : Theoretical Approaches , Experimental Solutions and Development
Prospects New Trends in the Development of Electrophoretic Deposition Method in Th,”
Russ. Chem. Rev., 88(12), pp. 1179–1219.
[52] Sarkar, P., and Nicholson, P. S., 1996, “Electrophoretic Deposition (EPD): Mechanisms,
Kinetics, and Application to Ceramics,” J. Am. Ceram. Soc., 79(8), pp. 1987–2002.
[53] Stellwagen, N. C., 2002, “Determining the Electrophoretic Mobility and Translational
Diffusion Coefficients of DNA Molecules in Free Solution,” Electrophoresis, 23(16), pp.
111

2794–2803.
[54] Bo, U., Vogel, C., and Scheler, U., 2007, “Determination of Charge and Molecular Weight
of Rigid-Rod Polyelectrolytes,” J. Phys. Chem. B, 111(29), pp. 8344–8347.
[55] Rathman, J. F., and Scamehorn, J. F., 1984, “Counterion Binding on Mixed Micelles,”
Colloid Polym. Sci., 88(24), pp. 5807–5816.
[56] Maeda, H., 1996, “Dodecyldimethylamine Oxide Micelles: Stability, Aggregation Number
and Titration Properties,” Colloids Surfaces A Physicochem. Eng. Asp., 109, pp. 263–271.
[57] Chatenay, D., Urbach, W., Messager, R., and Langevin, D., 1987, “Self‐diffusion of
Interacting Micelles: FRAPP Study of Micelles Self‐diffusion,” J. Chem. Phys., 86(4), pp.
2343–2351.
[58] Imhof, A., Van Blaaderen, A., Maret, G., Mellema, J., and Dhont, J. K. G., 1994, “A
Comparison between the Long-Time Self-Diffusion and Low Shear Viscosity of
Concentrated Dispersions of Charged Colloidal Silica Spheres,” J. Chem. Phys., 100(3), pp.
2170–2181.
[59] Owen, S. C., Chan, D. P. Y., and Shoichet, M. S., 2012, “Polymeric Micelle Stability,”
Nano Today, 7(1), pp. 53–65.
[60] Marlar, T. J., 2019, “Investigation of Electrocoating Mechanisms,” Brigham Young
University.
[61] 2008, “Particle Size Analysis — Dynamic Light Scattering (DLS), ISO22412.”
[62] Kaszuba, M., McKnight, D., Connah, M. T., McNeil-Watson, F. K., and Nobbmann, U.,
2008, “Measuring Sub Nanometre Sizes Using Dynamic Light Scattering,” J. Nanoparticle
Res., 10(5), pp. 823–829.
[63] Clunie, J. C., and Baird, K., 1992, “Nernst-Hartley Evaluation of the Interdiffusion
Coefficient of Aqueous Nickel Sulfamate Using New Measurements of the Equivalent
Conductances of the Ions,” 328(1–2), pp. 317–320.
[64] Markicevic, B., 2019, “Properties of Mono- and Poly-Disperse Spheres Random Pack
Media,” Powder Technol., 350, pp. 154–161.
[65] Baranau, V., and Tallarek, U., 2014, “Random-Close Packing Limits for Monodisperse and
Polydisperse Hard Spheres,” Soft Matter, 10(21), pp. 3826–3841.
[66] Hammond, B. G. S., 1955, “The Dissociation of Sterically Hindered Acids,” J. Am. Chem.
Soc., 77(2), pp. 1933–1935.
[67] Kakehashi, R., Yamamura, S., Tokai, N., Takeda, T., Kaneda, K., Yoshinaga, K., and
112

Maeda, H., 2001, “Hydrogen Ion Titration of Long Alkyl Chain Amine Oxide Micelles,” J.
Colloid Interface Sci., 243(1), pp. 233–240.

113

APPENDIX A.

SUPPORTING INFORMATION FOR CHAPTER 4

A.1 The Ratio of Hydroxide Ion Migration Flux to the Total Flux
The hydroxide ion migration flux is given by:

𝑁𝑀𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 = −𝑧𝑂𝐻− 𝑢𝑂𝐻− 𝐹𝐶𝑂𝐻−

𝑑𝜙

(A-1)

𝑑𝑧

The initial potential gradient near the surface can be estimated by −𝑖/𝜅 where 𝜅 is the
dispersion conductivity (0.16 S/m). Since the potential gradient is expected to decrease by the
accumulation of hydroxide ions near the surface, the maximum hydroxide ion migration flux can
be estimated by using the initial potential gradient as follows:
𝑁𝑀𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛_𝑀𝑎𝑥 = −𝑧𝑂𝐻− 𝑢𝑂𝐻− 𝐹𝐶𝑂𝐻− (−𝑖/𝜅)

(A-2)

Therefore, the ratio of maximum hydroxide ion migration flux to the total flux can be given
by:
𝑁𝑀𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛_𝑀𝑎𝑥
𝑁𝑇𝑜𝑡𝑎𝑙

=

−𝑧𝑂𝐻− 𝑢𝑂𝐻− 𝐹𝐶𝑂𝐻− (−𝑖/𝜅)
−𝑖/𝐹

= −𝑧𝑂𝐻− 𝑢𝑂𝐻− 𝐹 2 𝐶𝑂𝐻− /𝜅

(A-3)

By substituting 𝑧𝑂𝐻 − = −1,𝑢𝑂𝐻− = 1.7𝑒 −13 (𝑚2 𝑚𝑜𝑙/𝐶 2 ), 𝐹 = 96485 (𝐶/𝑚𝑜𝑙), and 𝜅 in
the above equation, the ratio will be given by:
𝑁𝑀𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛_𝑀𝑎𝑥
𝑁𝑇𝑜𝑡𝑎𝑙

(A-4)

= 0.01𝐶𝑂𝐻−
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According to the above equation, the maximum migration flux is estimated to be only about
0-10% of the total flux if the hydroxide ion concentration increases from 1𝑒 −6 mol/m3 to 10
mol/m3 (pH of 5-12). Therefore, the hydroxide ion migration term can be neglected in the model.

A.2 Evaluation of the Distance from the Surface in the Model in Chapter 4
The model was solved with different values of L for 40 seconds with 0 and 800 RPM. As
shown in Figure A-1, the pH profile does not change if L was greater than 0.05 mm with flow and
1 mm without flow.

Figure A-1. pH versus the distance from the surface for different L values. (a) with 800RPM. (b)
without flow.
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APPENDIX B.

B.1

SUPPORTING INFORMATION FOR CHAPTER 5

Centrifuge Experiment Calculations
The centrifugal force is given by:

𝐹𝐶 =

𝑚𝑉 2

(B-1)

𝑟

where 𝑚 is the micelle mass, 𝑉 is the micelle velocity, and 𝑟 is the radius of the centrifuge. The
micelle mass is given by:
4

(B-2)

𝑚 = 𝜌𝑀 3 𝜋𝑅𝑀𝑖𝑐𝑒𝑙𝑙𝑒 3
The micelle velocity is also given by:

(B-3)

𝑉 = 𝑟2𝜋𝜔

where 𝜔 is the centrifuge rotation rate. For the rotation rate of 14800 RPM the centrifugal force in
the centrifuge with the radius of 8.5 cm was estimated to be about 3.6 ∗ 10−14 𝑁.
The electrical field force is given by:
(B-4)

𝐹𝐸 = 𝐸𝑄

where E is the electrical field (𝑖/𝜅), and Q is the micelle charge (𝑧𝑀 𝑒). The electrical force was
estimated to be about 6 ∗ 10−14 𝑁.
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B.2

COMSOL Code
Parameters

Name

Expression

Value

Description

Agg
Agg_Total
Aq0
B
CA0
CH0
CM0
COH0
CRN0
CRNH0
Cur
DA
DH
DN
DOH
Fa
KB
Kw
MW
pH
Ro_M
Solid
U_CNR0
uA
uH
uM
uOH
V_L
zA
zH
zOH
zRNH

18600*DN*2
18600*2
1-0.161
0.75
-1/zA*(CRNH0+zOH*COH0+zH*CH0)
10^-pH*1000
(U_CRN0+CRNH0)/Agg_Total
Kw/CH0
CRNH0*COH0*KB
DN*(Solid/MW)
10
0.00000000132
0.000000009
0.65
0.000000005
96485
0.038
0.00000001
2350
5.4
1.16e6
1.50E+05
Solid/MW*(1-DN)
5.21E-13
3.55E-12
3.08E-15
1.97E-12
0
-1
1
-1
1

24180
37200
0.839
0.75
41.493
0.0039811
0.0017159
2.51E-06
3.96E-06
41.489
10
1.32E-09
9.00E-09
6.50E-01
0.65
9.65E+04
0.038
1.00E-08
2350
5.4
1.6e6
1.50E+05
22.34
5.21E-13
3.55E-12
3.08E-15
1.97E-12
0
-1
1
-1
1

Initial number of protonated amines
Aggregation
Initial Aqueous phase volume fraction
Counterion binding fraction
Initial counterion concentration
Initial hydrogen ion concentration [mol/m^3]
Initial micelle concentration
Initial hydroxide ion concentration
Initial deprotonated amine concentration
Initial protonated amine concentration
Current density [A/m^2]
Counterion diffusivity [m^2/s]
Hydrogen ion diffusivity [m^2/s]
Degree of neutralization
Hydroxide ion diffusivity[m^2/s]
Faraday's constant [mol/C]
Deprotonation equilibrium constant
Water equilibrium constant [(mol/m^3) ^2]
Epoxide molecular weight [g/mol]
pH
Micelle density [g/m^3]
Solid Mass per cubic meter
Unprotonated amine concentration
Counterion mobility [m^2 mol/C^2]
Hydrogen ion mobility [m^2 mol/C^2]
Micelle mobility [m^2 mol/C^2]
Hydroxide ion mobility [m^2 mol/C^2]
Voltage at L
Counterion charge
Hydrogen ion charge
Hydroxide ion charge
protonated amine charge
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Variables
Name

Unit

Description

OH
H
M
RN
RNH
A
Aq
Vel
Po

mol/m^3
mol/m^3
mol/m^3
mol/m^3
mol/m^3
mol/m^3

Hydroxide ion concentration
Hydrogen ion concentration
Micelle concentration
Deprotonated amine concentration
Protonated amine concentration
Counterion concentration
Aqueous phase volume fraction
Aqueous phase velocity
Potential

m/s
V

Geometry (Interval)
Left endpoint
0

Right endpoint
5.00E-04

Coefficient From PDE
𝒆𝐚

𝝏𝟐 𝒖
𝝏𝒖
+ 𝒅𝐚
+ 𝛁 ∙ (−𝒄𝛁𝒖 − 𝜶𝒖 + 𝜸) + 𝜷 ∙ 𝛁𝒖 + 𝐚𝒖 = 𝒇
𝟐
𝝏𝒕
𝝏𝒕

Coefficient

Expression

C1,1
C1,2
C9,9

DOH*Aq/(61.227*(1-Aq)+1)
-DH*Aq/(61.227*(1-Aq)+1)
if(x==0,-(zOH^2*Fa*uOH*OH*Aq +zH^2*Fa*uH*H*Aq)/(61.227*(1-Aq)+1),-((((RNHB*A*Aq)*Agg/(RN+RNH)))^2*Fa*uM*M +zA^2*Fa*uA*(1-B)*A*Aq +
zOH^2*Fa*uOH*OH*Aq +zH^2*Fa*uH*H*Aq)/(61.227*(1-Aq)+1))
OH
-Agg
1
1
KB*RNH
zOH*Aq
zH*Aq
zRNH

a2,2
a4,3
a4,4
a4,5
a5,1
a6,1
a6,2
a6,5
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a6,6
a7,1
f2
f5
f7
da1,1
da1,2
da1,5
da1,7
α1,1
α1,2
α1,3

zA*Aq
1
Kw
RN
1-M/CM0*(1-Aq0)
Aq
-Aq
-1
(OH-H)
zOH*uOH*Fa*Pox*Aq/(61.227*(1-Aq)+1)
-zH*uH*Fa*Pox*Aq/(61.227*(1-Aq)+1)
if(x==0,0,-((RNHB*A*Aq)*Agg/(RN+RNH))*(RNH*Agg/(RN+RNH))*uM*Fa*Pox/(61.227*(1-Aq)+1))
((RNH-B*A*Aq)*Agg/(RN+RNH))*uM*Fa*Pox/(61.227*(1-Aq)+1)
-((RNH-B*A*Aq)*Agg/(RN+RNH))*uM*Fa*Pox*MW*Agg_Total/(61.227*(1-Aq)+1)/
Ro_M
Aq
Aq*Vel*(OH-H)
if(x==0,( Aq*zOH*DOH*OHx + Aq*zH*DH*Hx) /(61.227*(1-Aq)+1)-zOH*Vel*Aq*(OH),(
Aq*zA*DA*((1-B)*Ax-A*Bx) + Aq*zOH*DOH*OHx + Aq*zH*DH*Hx) /(61.227*(1-Aq)+1) zOH*Vel*Aq*(OH+(1-B)*A))

α3,3
α8,3
α8,8
ɣ1
ɣ9

Initial Values
Variable Value
OH
H
M
RN
RNH
A
Aq
Vel
Po

COH0
CH0
CM0
CRN0
CRNH0
CA0/Aq0
Aq0
0
V_L

Dirichlet Boundary conditions at x = L
Variable Value
OH
H
M
RN
RNH

COH0
CH0
CM0
CRN0
CRNH0
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A
Aq
Vel
Po

CA0/Aq0
Aq0
((RNH-B*A*Aq)*Agg/(RN+RNH))*uM*Fa*Pox*MW*Agg0/(61.227*(1Aq)+1)*M/Aq/Ro_M
V_L

Flux/Source Boundary conditions
−𝒏 ∙ (−𝒄𝛁𝒖 − 𝜶𝒖 + 𝜸) = 𝒈 − 𝒒𝒖
Variable Value
g1
g9

Cur/Fa
Cur/Fa

Mesh Size Parameters
Maximum element size
Maximum element growth rate
Resolution of narrow regions
B.3

1e-6
1.1
1

Evaluation of Mesh Size and the Distance from the Surface in the Model
The model was solved with mesh sizes and different values of L. As shown in Figure B-1,

the organic phase volume fraction profile does not change if the mesh size was smaller or equal to
2 µm and value of L was greater or equal to 0.25 mm.

Figure B-1. The organic phase volume fraction at 70% of the induction time at current density of
10 A/m2. (a) Different mesh sizes. (b) Different values of L.
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